PHOTOGRAPHY 


ITS  MATERIALS  AND  PROCESSES 


\ 


by 
C.  B.  NEBLETTE,  F.R.P.S.,  F.S.P.S.E.,  Hon.P.S.A. 

Dean  of  the  College  of  Graphic  Arts  and  Photography 
Rochester  Institute  of  Technology 


SIXTH  EDITION 


TORONTO 


D.  VAN  NOSTRAND  COMPANY,  INC. 

PRINCETON,  NEW  JERSEY 
NEW  YORK 


LONDON 


D.  VAN  NOSTRAND   COMPANY,   INC. 

120  Alexander  St.,  Princeton,  New  Jersey  (Principal  office} 
24  West  40  Street,  New  York  18,  New  York 

D.  VAN  NOSTRAND  COMPANY,  LTD. 
358,  Kensington  High  Street,  London,  W.14,  England 

D.  VAN  NOSTRAND  COMPANY    (Canada),  LTD. 
25  Hollinger  Road,  Toronto  16,  Canada 


COPYRIGHT  ©   1952,   1962,   BY 
D.  VAN  NOSTKAND   COMPANY,   INC. 

Published  simultaneously  in  Canada  by 
D.   VAN   NOSTRAND  COMPANY    (Canada),  LTD. 


No  reproduction  in  any  form  of  this  book,  in  whole  or  in 
part  (except  for  brief  quotation  in  critical  articles  or  reviews}, 
may  ~be  made  without  written  authorisation  from  the  publishers. 


First  Edition,  1927 

Recopy  right,  1954 


Three  Editions 

Nineteen  Reprintings 

1927-1951 


Fifth  Edition,  1952 

Four  Reprinting s 


Sixth  Edition.,  1962 

Reprinted  February  1964 


PRINTED    IN    THE    UNITED    STATES    OF    AMERICA 
BY     LANCASTER     PRESS,     INC.,    LANCASTER,     PA. 


CONTRIBUTORS 


J.  M.  Calhoun  W.  H.  Price 

C.  F.  Carlson  Alfred  Schwarz 

H.  C.  Colton  William  S.  Shoemaker 

Harry  H.  Davis  Allen  Stimson 

H.  S.  Greig  Hollis  N.  Todd 

W.  T.  Hanson,  Jr.  J.  L.  Tupper 

Grafton  Keyes  Earl  Van  Lare 

L.  E.  Martinson  Lloyd  E.  Varden 

F.  H.  Perrin  William  West 

Richard  D.  Zakia 


KANSAS  CITY  fMO)  PUBLIC  LIBRARY 


PREFACE 


This  is  the  Sixth  Edition  of  a  work  which  was  first  published  in  1927.  Its 
aim,  like  the  first  edition,  is  to  provide  an  accurate  and  comprehensive  survey  of 
the  materials  and  processes  of  photography  and  our  present  understanding  of 
these.  Unlike  the  first  edition,  however,  this  work  represents  the  efforts  of 
twenty  specialists,  as  shown  in  the  table  of  contents.  Eight  of  these  are  new 
to  this  edition. 

Almost  every  chapter  has  been  rewritten.  There  are  new  chapters  on  electro 
photography  and  the  sensitometry  of  color  materials,  and  the  chapter  on  photo 
chemistry  has  been  replaced  by  one  on  radiation  sensitive  systems.  The  chapters 
on  the  history  of  photography  and  on  cameras,  which  were  omitted  from  the 
previous  edition,  appear  again  in  response  to  many  requests. 

Many  thanks  are  due  to  all  who  have  contributed  to  this  edition ;  to  my  wife, 
Edith  Macmillan  Neblette,  whose  assistance  has  been  invaluable;  to  others,  too 
numerous  to  mention,  whose  suggestions  and  comments  have  been  most  helpful. 

C.  B.  NEBLETTE 
Eochestery  N.  Y. 
December  15,  1961 
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Chapter  J 

HISTORY  OF  PHOTOGRAPHY 


The  Beginning  of  Photography.  John 
Henry  Schulze,  in  1827,  discovered  the 
light  sensitivity  of  silver  nitrate  and  ob 
tained  images  of  stencils  in  black  paper 
wrapped  around  a  bottle.  This  may  be 
regarded  as  the  beginning  of  photography, 
for  Schulze  did  obtain  an  image,  but  he 
cannot  be  considered  the  inventor  of  pho 
tography  as  he  saw  in  this  only  an  interest 
ing  experiment. 

The  first  attempt  to  use  the  light  sensi 
tivity  of  silver  nitrate  for  the  specific  pur 
pose  of  obtaining  an  image  on  paper  was 
made  by  Thomas  Wedgwood.  In  his 
paper  (1802),  titled  "An  Account  of  a 
Method  of  Copying  Paintings  on  Glass  and 
of  Making  Profiles  by  the  Agency  of  Light 
upon  Nitrate  of  Silver/'  he  concludes 
"nothing  but  a  method  of  preventing  the 
unshaded  parts  of  the  delineation  from 
being  colored  by  exposure  to  the  day  is 
wanting  to  render  the  process  as  useful 
as  it  is  elegant.77 

Joseph  Nicephore  Niepce,  a  country 
gentleman  living  at  Chalons-sur-Saone 
(France),  obtained  an  image  in  the  cam 
era  on  paper  sensitized  probably  with  sil 
ver  nitrate  in  1816,  but  was  unable  to 
remove  the  unexposed  silver  salts  and  ob 
tain  a  permanent  image.  Being  unable  to 
fix  the  image  he  turned  to  asphalt  which 
becomes  insoluble  on  exposure  to  light. 
Sometime  before  1822  he  succeeded  in 
copying  an  engraving  on  transparent 
paper  by  coating  glass  with  asphalt,  ex 
posing  this  to  light  beneath  the  engraving, 
and  removing  the  soluble  asphalt  with  a 
solvent.  The  resulting  glass  transparency 


was    the     first     permanent    photographic 
image. 

Niepce 's  objective  all  along  had  been  to 
find  a  way  of  copying  drawings  and  im 
ages  on  stone  for  lithography  instead  of 
making  drawings  on  the  stone  by  hand. 
By  1827  he  was  making  copies  in  the 
camera  on  metal  plates,  etching  these  to 
produce  an  image  in  relief,  and  having 
proofs  on  paper  made  by  the  printer  Le- 
maitre,  in  Paris.  The  results  were  crude 
but  encouraging. 


FIG.  1.1.    Joseph  Nieephore  Niepce.    First  to 

copy  an  image  in  the  camera  and  the  first  to 

produce     a     permanent     photographic     image 

(1816-1822). 
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Daguerre  and  the  Daguerreotype.     In 

1829,  Niepce  entered  into  partnership  with 
Jacques  M.  Daguerre,  a  scene  painter  in 
Paris,  who  spent  several  years  in  seeking 
a  method  of  chemically  recording  the 
image  in  the  camera.  He  discarded  the 
asphalt  processes  as  being  too  slow  and 
returned  to  experiments  with  the  silver 
salts  which  had  been  discarded  by  Niepce. 


FIG.  1.2.     Jacques  Mande  Daguerre.    Invented 

the    first    practical    process    of    photography, 

the  Daguerreotype  (1839). 

It  appears  that  he  may  have  had  the  as 
sistance  of  the  chemist  Dumas  in  some  of 
his  experiments.  At  any  rate  he  found  a 
fixing  agent  in  common  salt.  He  also 
found  that  the  long  exposures  required  to 
produce  a  visible  image  were  unnecessary. 
A  fraction  of  the  exposure  required  to 
form  the  visible  image  forms  a  latent 
image  which  can  be  made  visible,  or  de 
veloped,  chemically. 


In  1837  Daguerre  and  Isidore  Niepce, 
the  son  of  Nicephore,  formed  a  company  to 
exploit  the  daguerreotype,  but  the  attempt 
failed  and  finally  the  two  agreed  to  ac 
cept  pensions  from  the  French  government 
on  condition  that  the  process  be  made  free 
to  the  world  without  patent.  Accordingly, 
on  August  18,  1839,  Daguerre  appeared 
before  the  Academic  des  Sciences  and  the 
Academic  des  Beaux  Arts,  meeting  in  joint 
session,  and  described  his  process.  The 
meeting  was  reported  in  detail  in  the  Paris 
press  and  in  the  next  few  weeks  through 
out  the  western  world.  By  the  end  of  the 
year  daguerreotypes  were  being  made  al 
most  everywhere. 

The  Daguerreotype  Process.  In  the 
daguerreotype  process  a  copper  plate 
coated  with  silver  is  carefully  polished  to 
a  mirror  finish  and  then  placed  in  a  sensi 
tizing  cabinet  where  gaseous  iodine  com 
bines  with  the  silver  to  form  light-sensi 
tive  silver  iodide.  After  an  exposure  of 
from  10  to  15  min.  in  the  camera,  the  latent 
image  is  developed  in  a  cabinet  where 
mercury,  heated  by  a  flame  below,  attaches 
itself  to  the  exposed  silver  iodide  to  pro 
duce  a  visible  image  of  silver  and  mercury. 
The  silver  iodide  remaining  in  the  unex- 
posed  portions  is  removed  by  fixing  in 
hypo,  and  the  plate  washed  and  dried. 

The  first  daguerreotypes  were  usually 
of  buildings,  monuments,  and  street 
scenes;  but  in  1840  Goddard,  of  London, 
gave  the  details  for  a  much  faster  process 
using  silver  bromide  and  silver  iodide,  and 
portrait  studios  were  opened  in  London, 
in  New  York,  and  in  Philadelphia  that 
same  year.1 

Contributing  also  to  the  rapid  spread 

i  The  first  authentic  portrait  for  which  we  have 
any  technical  details  was  made  by  Professor  Wil 
liam  Draper,  of  New  York  University,  in  the 
autumn  of  1839.  See  Robert  Taft,  Photography 
and  the  American  Scene)  The  Macmillan  Co.,  New 
York,  1938. 


THE  WET-COLLODION  PROCESS 


of  professional  portraiture  was  the  intro 
duction  of  a  portrait  lens  calculated  by 
Josef  Petzval  for  the  firm  of  Voigtlander, 
in  Vienna.  By  1841  the  daguerreotype 
required  an  exposure  of  only  10-15  sec 
onds  in  a  portrait  studio  with  a  skylight. 

After  this,  the  number  of  daguerreotype 
"galleries"  increased  rapidly.  Nearly  all 
prospered  because  there  was  a  widespread 
demand  for  portraits.  It  is  estimated  that 
in  1853  as  many  as  three  million  daguer 
reotypes  were  made  in  the  United  States 
alone. 

Fox-Talbot  and  the  Negative-Positive 
Process.  The  Englishman,  William  Henry 
Fox-Talbot,  was  unaware  of  the  work  of 
Wedgwood  and  Niepce  when  he  began  his 
experiments  in  1834.  He  soon  discovered 
that  silver  ehoride  darkens  more  rapidly 
than  silver  nitrate  and  that  it  is  more 
sensitive  when  exposed  while  still  wet.  He 
also  found  that  a  solution  of  common 
salt  would  fix  the  image.  The  next  year 
(1835)  he  obtained  a  crude  but  recogniz 
able  image  of  the  framework  of  a  window. 
Since  the  image  was  a  negative,  he  con 
ceived  the  idea  of  printing  it  by  contact 
with  another  sheet  of  sensitized  paper  to 
obtain  a  positive  print.  This  was  the  first 
negative-positive  process  of  photography. 

In  January,  1839,  Talbot  learned  of 
Daguerre's  process  through  a  friend  and 
immediately  sent  a  paper  describing  his 
process  of  Photogenic  Printing  to  the 
Royal  Society.  This  was  presented  on 
January  31,  approximately  seven  months 
before  the  daguerreotype  process  was  made 
public. 

The  next  year  he  patented  his  Calotype 
(Greek — beautiful  picture)  process,  using 
paper  sensitized  with  silver  iodide  and  de 
veloped  in  gallic  acid.  The  Calotype  proc 
ess  required  an  exposure  of  about  a  min 
ute  in  sunshine,  or  4-5  min.  in  open 
shade,  and  was  the  first  practical  negative- 
positive  process.  It  was  never  as  popular 


as  the  daguerreotype  because  the  pictures 
were  not  as  sharp  and  clear.  The  Scottish 
painter,  D.  0.  Hill,  and  his  assistant  Eob- 
ert  Adamson,  however,  used  the  process 
between  1843-1849  to  produce  some  of  the 
most  remarkable  portraits  ever  made  (Fig. 
1.3). 

The  Wet-Collodion  Process.  It  was  ob 
vious  to  all  that  a  transparent  medium, 
such  as  glass,  would  result  in  sharper  im 
ages  than  a  paper  negative,  but  it  was 


FIG.  1.3.     William  Henry  Fox  Talbot,  inventor 
of    the    negative-positive    process    of    photog 
raphy    (1839). 

necessary  first  to  find  some  medium  to 
bind  the  silver  salts  to  the  glass  plate. 
Little  progress  was  made,  however,  until 
1851  when  Frederick  Scott  Archer,  of 
London,  described  a  process  using  col 
lodion  which  was  so  much  faster  that  it 
soon  eclipsed  all  other  processes  of  pho 
tography  and  remained  in  general  use 
for  the  next  thirty  years. 
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In  the  collodion  process,  potassium  or 
ammonium  bromide  and  iodide  are  added 
to  collodion  which  is  then  poured  over  a 
clean  glass  plate.  The  solvents  evaporate 
rapidly  and  the  collodion  "sets"  suf 
ficiently  to  adhere  to  the  glass  in  a  smooth 
uniform  layer.  The  plate  is  then  placed 
in  a  sensitizing-  bath  of  silver  nitrate  form 
ing  silver  bromide  and  silver  iodide.  Since 


FIG-.  1.4.  Frederick  Scott  Archer.  Inventor 
of  the  wet-collodion  negative  process  (1851). 

the  collodion  layer  cannot  be  developed 
when  dry,  the  plate  must  be  exposed  and 
developed  in  pyrogallol  at  once.  Hence, 
the  term  wet  collodion.  This  was  particu 
larly  inconvenient  for  the  outdoor  photog 
rapher  who  had  to  take  a  tent  and  solu 
tions  with  him  to  prepare  the  plate  and 
process  it  after  the  exposure  (Fig.  1.5). 
The  process,  however,  produced  excellent 
negatives,  sharp  and  brilliant,  with  good 
gradation,  and  was  relatively  fast.  Of 
greater  concern  to  the  professional  pho 


tographer,  however,  was  the  possibility  of 
making  any  number  of  prints  and  at  lower 
cost  than  for  an  equal  number  of  daguer 
reotype  portraits.  After  1851,  daguerreo- 
typy  declined  rapidly  and  within  ten  years 
was  practically  obsolete. 

The  wet-collodion  process  would  not 
have  been  adopted  so  quickly,  however,  if 
progress  had  not  been  made  also  in  print 
ing  methods.  Fox-Talbot  had  made  prints 
from  his  Calotype  negatives  on  paper 
sensitized  with  silver  chloride.  The  paper 
was  exposed  under  the  negative  to  sun 
light  until  the  image  was  printed-out,  then 
fixed  in  hypo.  Prints  made  in  this  way 
were  rather  dull  and  the  details  degraded 
because  the  silver  image  was  largely  within 
the  paper  rather  than  on  the  surface. 
About  1850  Blanquart-Evard  suggested 
that  the  paper  be  coated  first  with  the 
white  of  eggs  (albumen)  to  hold  the  silver 
salts  on  the  surface  of  the  paper.  Albu 
men  paper  did  much  to  make  the  wet- 
collodion  process  popular. 

At  first  the  photographer  had  to  prepare 
his  own  paper,  but  after  1869  he  could  buy 
the  albumen-coated  paper  ready  for  sensi 
tizing  in  a  solution  of  silver  nitrate.  After 
1868  albumen  paper  had  to  compete  with 
collodio-chloride  paper,  employing  collo 
dion  instead  of  albumen.  After  1885  both 
of  these  had  a  new  competitor  in  gelatin 
printing-out  paper  which  could  be  sold 
sensitized,  ready  for  use.  All  of  these 
were  printing-out  papers  and  were  toned 
in  gold  either  in  fixing  or  before  fixing. 

Pigment  printing  (carbon)  was  placed 
on  a  practical  basis  by  Swan,  in  1864, 
and  a  method  in  printing  in  platinum  was 
patented  by  Willis,  in  1873,  although 
platinotype  paper  was  not  placed  on  the 
market  until  1880.  Carbon  printing  pro 
vided  a  means  for  making  permanent 
prints  in  almost  any  color  while  the  plati 
num  process  was  notable  for  its  pure  black 
image  and  excellent  tonal  range.  Both 
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FIG.  1.5.     The  wet-collodion  process   in   the   field.     (From   Thomson,   History 
and  Handbook  of  Photography,  1874.) 


processes  were  much  more  expensive  and 
less  widely  used  than  the  silver  process. 

Photography  in  the  Wet-Collodion  Era. 
A  new  era  in  photography  began  with 
the  wet-collodion  process.  In  1853  the 
Photographic  Society  of  London,  now  the 
Royal  Photographic  Society,  was  organ 
ized  to  be  followed  by  similar  societies 
elsewhere.  In  1854,  the  British  Journal 
of  Photography  began  publication  and  is 
still  published  every  week.  Other  journals 
devoted  exclusively  to  photography  ap 
peared  soon  thereafter  in  other  countries 
and  did  much  to  disseminate  information 
on  new  processes  and  new  methods.2 

Professional  photography  grew  rapidly 
and  there  were  large,  elaborate  ''galleries" 
in  all  the  larger  cities.  Shortly  before  the 
Civil  War,  for  example,  Matthew  Brady's 
two  studios  in  New  York  and  Washington 


2  In  the  United  States,  the  first  important  mag 
azine  was  The  Philadelphia  Photographer,  estab 
lished  in  1864. 


were  making  as  many  as  30,000  portraits 
a  year  at  from  $25.00  to  $750.00  each. 

By  the  mid-fifties  there  was  a  "daguer- 
reotyper"  or  photographer  in  every  large 
town  and  itinerant  photographers  traveled 
the  countryside  with  their  studios  built  on 
horse-drawn  wagons.  The  visiting  card 
(cartes-de-visite)  size  was  especially  popu 
lar  after  1860.  In  1865,  for  example, 
Congress  levied  a  two-cent  tax  on  the  cards 
and  one  firm  paid  $5000  in  taxes  in  a 
single  year. 

In  addition  to  prints,  the  professional 
portrait  photographer  of  the  period  also 
made  ambrotypes  or  ferrotypes.  These 
were  respectively  glass  or  enameled  iron 
plates  coated  with  wet  collodion  exposed 
and  developed  as  usual,  but  bleached  to 
form  a  positive  image.  Today  these  are 
often  mistaken  for  daguerreotypes  but  are 
much  inferior  to  them  both  in  tone  and 
gradation  (Fig.  1.6). 

There  were  outdoor  photographers  also. 
Roger  Fenton  was  commissioned  by  the 
British  government,  in  1855,  to  photo- 
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PIG.  1.6.     A   Daguerreotype   portrait.     Maker 

not  known.     Collection  of  the  George  Eastman 

House.    Made  about  1850. 

graph,  the  Crimean  War,  and  Matthew 
Brady  and  Alexander  Gardner  photo 
graphed  the  American  Civil  War.  Wil 
liam  Henry  Jackson  photographed  exten 
sively  in  the  west  and  in  his  Time 
Exposure  has  left  us  an  interesting  ac 
count  of  the  problems  of  the  wet-plate 
photographer  and  the  west  in  1870-1880. 

"Exhibitions  of  photography  began  to 
assume  real  importance  after  the  Inter 
national  Universal  Exposition  held  in  Lon 
don  in  1851.  These,  after  a  few  years, 
developed  into  the  pictorial  salon  of  today, 
although  that  term  was  not  used  generally 
until  the  turn  of  the  century. 

Art  photography  was  dominated  by  con 
temporary  painting  both  in  subject  matter 
and  its  treatment,  but  a  more  realistic 
approach  began  toward  the  end  of  the 
century.  In  England  Dr.  P.  H.  Emerson 
was  a  leader  in  what  he  called  "Natural 
istic  Photography";  and  in  the  United 


States  Alfred  Stieglitz  was  a  leading  ex 
ponent  of  the  new  photography.  It  was 
not  until  well  into  the  twentieth  century, 
however,  that  photographers  were  able  to 
free  themselves  completely  from  the  de 
sire  to  make  photographs  that  resembled 
paintings  and  began  to  realize  the  po 
tentialities  of  photography  itself  as  a 
means  of  artistic  expression. 
jr  Gelatin  Emulsion,  Although  the  wet- 
collodion  process  gave  excellent  results,  it 
was  particularly  inconvenient  for  the  out 
door  photographer  and  many  attempts 
were  made  to  find  a  dry  process.  Work 
able  processes  combining  albumen  and  col 
lodion  (Taupenot  1855),  and  gelatin  com 
bined  with  collodion  (Norris  1856)  were 
slow  and  made  little  progress  against  wet 
collodion. 

In  1871  an  English  amateur,  Dr.  R.  L. 
Maddox,  described  a  method  of  preparing 
a  gelatin  emulsion.  His  process  was  not 
entirely  satisfactory  but  two  years  later 
Burgess,  of  London,  made  a  much  better 
emulsion;  however,  the  dry  plates  he 
placed  on  the  market  were  not  successful 
commercially.  Burgess  was  the  first  to 
show  that  good  results  could  be  obtained 
with  gelatin  emulsion.  Improvements  in 
the  process  of  making  an  emulsion  fol 
lowed,  an.d  in  1878  Charles  Bennett  found 
that  its  sensitivity  could  be  greatly  in 
creased  by  heating.  The  commercial 
manufacture  of  dry  plates  began  almost 
at  once  and  by  1879  they  were  being  made 
in  England,  Belgium,  Germany,  and  the 
United  States.  In  a  few  years  gelatin  dry 
plates  had  completely  supplanted  wet  col 
lodion. 

Formulas  for  bromide,  chloride,  and 
chlorobromide  developing  papers  were 
published  by  Eder  and  Pizzighelli,  of  Vi 
enna,  in  1881.  Although  Eastman,  in 
Eochester,  and  others  made  bromide  paper 
of  good  quality  from  1884  on,  it  was  used 
chiefly  for  enlarging.  The  first  successful 
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FIG.  1.7.    Richard    Leach    Maddox.      English 

amateur   photographer   who    pioneered   in   the 

use  of  gelatin  emulsion  (1871). 

developing  paper  for  contact  printing  was 
Veloxy  an  unwashed  silver  choride  emul 
sion,  due  to  Dr.  Leo  Bakeland  (1891). 
After  this,  developing  papers  were  im 
proved  steadily  and  gradually  took  the 
place  of  the  older  albumen,  collodion,  and 
gelatin  printing-out  papers,  although  the 
latter  continued  in  wide  use  among  por 
trait  photographers  until  well  into  the 
twentieth  century. 

Eoll  Film  and  the  Popularization  of 
Photography.  The  introduction  of  the 
gelatin  dry  plate  greatly  simplified  pho 
tography.  The  casual  photographer  could 
now  buy  his  plates  ready  sensitized,  load 
them  into  plate  holders  in  a  darkroom, 
and,  after  taking  his  pictures,  develop  the 
negatives  at  his  convenience  or  take  them 
to  a  professional  for  development.  He  no 
longer  had  to  use  a  cumbersome  stand 
camera  and  tripod,  except  where  the  light 


was  poor,  because  the  manufacturers  were 
now  providing  cameras  that  could  be  held 
in  the  hand.  These  were  large  and  heavy 
by  modern  standards,  but  they  were  much 
more  convenient  than  the  stand  camera 
of  the  wet-collodion  period. 

Carbutt,  of  Philadelphia,  coated  cellu 
loid  sheets  with  emulsion  to  produce  sheet 
film  in  1885 ;  however,  it  was  the  roll  film, 
introduced  commercially  by  the  Eastman 
Kodak  Company  (1888)  that  revolution 
ized  photography.  With  it  was  a  new 
camera,  the  Kodak  (Pig.  1.8),  a  box  cam 
era  especially  designed  for  the  new  roll 
film.3  It  was  loaded  at  the  factory  with 
film  for  100  exposures  2^  in.  in  diameter. 
When  the  film  had  been  exposed  it  was 
returned  to  the  factory  where  it  was  de 
veloped  and  prints  made  on  printing-out 
paper.  This  was  the  origin  of  the  slogan 
"You  press  the  button,  we  do  the  rest/7 

The  paper-backed  roll  film  for  daylight 
loading  was  placed  on  the  market  in  1891. 
In  1903  noncurling  film  was  introduced, 
a  gelatin  coating  being  applied  to  the 
back  of  the  film  to  prevent  curling.  In 
1905  a  daylight-loading  developing  tank 
was  supplied,  thus  freeing  the  amateur 


FIG.  1.8.     The  first  Kodak    (1888).     It  made 
100  circular  pictures  on  a  roll  of  film. 


3  Folding  roll-film  cameras  were  brought  out 
in  the  early  nineties  by  various  firms  and  a 
Folding  Pocket  Kodak  by  the  Eastman  Kodak 
Co.  in  1898. 


8 


HISTORY  OF  PHOTOGRAPHY 


FIG.  1.9.     George  Eastman.   Manufactured  dry 

plates  and  bromide  paper   (1879) ;  introduced 

the  Kodak  and  roll  film   (1889) ;  founded  the 

Eastman  Kodak  Co. 

photographer  from  the  need  for  a  dark 
room.  Of  course,  most  of  the  growing 
army  of  Sunday  and  holiday  photogra 
phers  preferred  to  have  others  develop 
their  films  and  make  the  prints,  and  photo- 
finishing  grew  over  the  years  from  small- 
scale  tray  processing  to  the  large-scale 
automatic  processing  machines  of  today. 

Later  Progress  in  Gelatin  Emulsion. 
The  silver  halides  are,  for  all  practical 
purposes,  sensitive  only  to  the  ultraviolet, 
violet,  and  blue  regions  of  the  spectrum. 
Because  of  this,  brilliant  colors,  such  as 
yellow,  orange,  and  red  were  reproduced 
much  darker  than  they  appear  to  the  eye 
both  in  daguerreotypes  and  in  prints  from 
wet-collodion  negatives.  In  1873  Vogel, 
of  Berlin,  discovered  that  a  collodion 
emulsion  which  had  been  dyed  to  prevent 
halation  showed  a  slight  sensitivity  to  the 
yellow-green. 

This  was  the  beginning  of  optical  or 
dye  sensitizing.  At  first  difficulty  was  ex 
perienced  in  dye  sensitizing  gelatin  emul 
sion,  but  in  1882  James  Waterhouse 
found  a  good  yellow-green  sensitizer  in 


eosin  (tetrabromofluorescein).  Orthochro- 
matic  (correct  color)  and  isochromatic 
(equal  color)  plates  were  placed  on  the 
market  soon  afterward.  Eder,  in  1884, 
found  that  erythrosin  (tetraiodofluores- 
cein)  was  an  even  stronger  sensitizer. 
More  powerful  green  and  yellow  sensitiz 
ing  dyes  were  discovered  in  1902,  but  it 
was  not  until  1905  that  a  satisfactory  pan 
chromatic  sensitizer  was  discovered  by 
Homolka  in  a  carbocyanine  dye,  which 
was  given  the  trade  name  of  Pinacyanol. 
Panchromatic  plates  sensitized  with  this 
dye  were  placed  on  the  market  shortly 
thereafter.  They  were  used  at  first  chiefly 
by  scientific  workers,  for  color  photogra 
phy  and  by  professional  photographers 
where  the  reproduction  of  color  was  es 
sential.  Later,  as  development  by  time 
replaced  the  older  method  of  inspection 
by  a  safelight  lamp,  and  as  materials  of 
higher  and  more  uniform  sensitiveness 
were  introduced,  panchromatic  materials 
began  to  replace  both  blue-sensitive  and 
orthochromatic  materials. 

The  sensitometric  investigations  of 
Hurter  and  DrifSeld,  beginning  in  1890, 
were  extremely  valuable  in  the  evaluation 
of  the  characteristics  of  photographic 
emulsions  and  over  the  next  thirty  years 
the  quality  and  speed  of  dry  plates  in 
creased.  Nevertheless,  F.  F.  Renwick,  in 
1921,  was  able  to  speak  of  emulsion  making 
as  still  more  of  an  art  than  a  science. 
However,  in  the  next  few  years  studies  on 
the  silver  halide  grain  of  emulsions,  the 
nature  of  sensitivity,  the  grain-size  distri 
bution  in  photographic  emulsions,  and  the 
discovery  of  the  identity  of  the  sensitizing 
substance  in  gelatin  by  Sheppard  and  Pun- 
nett,  in  the  Kodak  Research  Laboratories, 
did  much  to  provide  a  clearer  understand 
ing  of  the  photographic  emulsion.  Super- 
sensitizing  dyes  were  discovered  by  Mees, 
and  others,  in  the  late  twenties,-  and  in 
1936  a  method  of  increasing  sensitivity  by 
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the  addition  of  gold  salts  was  discovered 
by  Koslowsky  in  the  Agfa  laboratories  in 
Germany.  Since  then  progress  in  gelatin 
emulsions  has  been  rapid. 

Color  Photography.  In  1810  Seebeck, 
of  Jena,  found  that  silver  chloride  exposed 
to  the  spectrum  while  wet  reproduced  the 
different  colors  faintly.  Occasionally, 
with  both  the  daguerreotype  and  wet  col 
lodion,  color  images  would  be  obtained,  but 
the  colors  disappeared  on  fixing.  Never 
theless  there  were  those  who  were  certain 
they  had  discovered  a  process  of  color 
photography  and  rushed  into  print  to  an 
nounce  their  discovery.4 

The  colors  appearing  on  the  daguerreo 
type  plate  and  wet-collodion  negatives  are 
due  to  light  interference;  and  in  1891 
Lippman,  of  Paris,  described  a  method  of 
interference  photography  in  which  the 
color  image  was  permanent.  The  process 
is  interesting  theoretically,  but  the  limi 
tations  make  it  little  more  than  a  labora 
tory  experiment. 

Another  approach  to  direct  color  pho 
tography  is  through  the  bleaching  of  dyes. 
The  most  successful  in  this  field  was  J.  H. 
Smith,  of  Zurich,  whose  results  were  suf 
ficiently  promising  to  lead  him  to  place 
Utocolor  paper  on  the  market  in  1912  as 
a  means  of  making  color  prints  from 
color  transparencies  (Autochrom  process). 
The  process  was  unreliable,  however,  and 
the  paper  was  soon  withdrawn. 

The  history  of  color  photography  really 
begins  with  the  lecture  given  in  1860  at 
the  Eoyal  Institution  in  London  when 
James  Clerk  Maxwell  showed  that  all 
colors  may  be  matched  by  mixing  red, 
green,  and  blue  light  in  various  propor 
tions.  To  illustrate  this  Maxwell  and  his 
assistant,  Thomas  Sutton,  had  made  three 
photographs  using  the  wet-collodion  proe- 


*  For  one  such  example:  see  Taft,  Photography 
and  the  American  Scene,  The  Maemillan  Co., 
New  York,  1938. 


FIG.  1.10.    Louis  Dueos  chi  Hauron.     French 

experimenter    whose    fertile    brain    envisaged 

practically  every  possible  form  of  trichromatic 

color  photography. 

ess,  one  through  a  red  solution  acting  as 
a  light  filter,  one  through  a  green  filter 
solution,  and  a  third  through  the  blue 
filter  solution.  From  these  negatives  he 
had  made  three  positives  on  glass  which 
he  projected  on  a  screen,  on  top  of  one 
another  by  means  of  three  lantern  slide 
projectors,  each  one  projecting  its  slide 
through  the  filter  solution  that  had  been 
used  in  making  the  negative.  In  this  way 
he  produced,  but  imperfectly,  a  colored 
picture  of  the  ribbons  he  had  photo 
graphed. 

Ducos  du  Hauron  (1869)  designed  a 
three-color  camera  in  which  all  three  nega 
tives  could  be  made  through  one  lens  at 
the  same  time,  and  he  proposed  that  prints 
of  the  proper  color  be  made  from  the 
negatives  by  the  pigment  process  (carbon) 
and  the  three  color  images  superimposed 
to  make  prints  in  color.  He  also  showed 
how  the  three  positives  might  be  placed 
in  a  viewing  instrument  instead  of  being 
projected  on  a  screen.  Both  of  these 
methods  were  greatly  improved  by  Fred 
erick  Ives,  of  Philadelphia,  whose  Kroms- 
hop  camera  and  viewer  reproduced  color 
well,  but  were  too  difficult  for  general  use. 
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The  one-shot  camera  was  finally  brought 
to  a  practical  stage  about  1920  through  the 
use  of  nondistorting  pellicle  mirrors. 

The  toning  of  silver  images,  the  mor 
danting  of  dyes,  dyed  gelatin  reliefs,  and 
pigment  processes  (carbon),  were  all  used 
in  making  color  prints  from  the  color- 
separation  negatives.  After  about  1925 
the  carbro  process  was  used  extensively. 
The  Wash-Off  Relief  process  (1938)  and 
the  Dye  Transfer  process  (1946)  have 
largely  replaced  carbro  in  recent  years. 

In  the  meantime,  the  screen  plate  proc 
ess,  suggested  originally  by  Ducos  du 
Hauron  (1869)  had  been  developed  par 
ticularly  by  A.  and  L.  Lumiere,  of  Lyons 
(France),  whose  Autochrom  plate  (1907) 
was  the  first  process  of  color  photography 
that  was  practical  for  the  average  photog 
rapher.  Duplicate  transparencies  and 
color  prints,  however,  were  difficult  to 
make  and  of  poor  quality.  Three-color 
photoengravings  from  Autochrome  trans 
parencies  were  used  by  many  magazines, 
particularly  the  National  Geographic  Mag 
azine.  Separate  screen  plate  processes, 
such  as  the  Paget,  Findley,  and  Dufay, 
were  also  used. 

The  idea  of  making  the  three-color- 
separation  negatives  on  a  film  with  three 
separate  emulsion  layers,  one  sensitive  to 
red,  one  to  green,  and  one  to  blue-violet, 
was  patented  by  Ducos  du  Hauron  in  1897. 
It  was  not  until  1935,  however,  that  the 
problems  involved  in  making  such  a  film, 
and  converting  the  three  negative  silver 
images  into  positive  dye  images,  were 
solved. 

In  that  year  two  such  films  were  placed 
on  the  market :  Agfacolor  in  Germany,  and 
Kodachrome  in  the  United  States.  In 
Kodachrome  the  dye  forming  constituents 
were  introduced  in  processing  which  was 
done  exclusively  by  the  Eastman  Kodak 
Company.  In  Agfacolor,  however,  the  dye 
formers  were  contained  in  the  emulsion 


layers  and  the  film  can  be  processed  by 
the  user.  Kodachrome  Film  and  the  orig 
inal  Agfacolor  Film  were  both  reversible 
materials  for  color  transparencies.  Later 
negative  films  producing  an  image  in 
complementary  colors  for  printing  on 
multilayer  printing  papers  and  films  were 
introduced  by  the  Eastman  Kodak  Com 
pany  as  Kodacolor  and  by  the  Agfa  Com 
pany,  of  Germany,  as  Agfacolor  Negative. 
By  1955  multilayer  processes  had  almost 
completely  replaced  all  other  methods  of 
color  photography  and  it  would  seem  that 
further  progress  will  be  in  this  direction. 
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Chapter  2 

LIGHT  SOURCES  FOR  PHOTOGRAPHY 


Introduction.  Light  is  that  form  of 
radiant  energy  which  is  capable  of  affect 
ing  our  sense  of  sight.  Its  exact  nature 
has  been  a  subject  of  much  conjecture  and 
experiment  among  physicists  and  philoso 
phers  for  many  centuries.  One  can  con 
ceive  of  energy  as  being  transferred  in  two 
ways  only:  one,  by  the  passage  of  a  body 
from  one  place  to  another  (bullets,  for 
example)  ;  the  other,  by  the  passage  of  a 
wave  motion  (as  in  water  waves).  The 
ancients  regarded  a  beam  of  light  as  a 
stream  of  infinitesimally  small  particles 
traveling  in  all  directions  from  the  light 


mental  verification  by  Hertz,  of  the  elec 
tromagnetic  theory  of  radiation,  including 
light. 

Electromagnetic  Theory  of  Radiation. 
According  to  Maxwell's  theory,  light  and 
similar  forms  of  radiation  are  presumed 
to  be  transmitted  as  waves  through  a  hypo 
thetical  all-pervading  ether,  such  waves 
being  characterized  by  moving  electrical 
and  magnetic  forces. 

The  first  determination  of  the  velocity 
of  electromagnetic  waves  was  made  by 
Eoemer  in  1675.  His  value  (obtained 
from  a  study  of  the  apparent  time  of 


FIG.  2.1.     Simple  form  of  wave  motion. 


source.  Such  a  corpuscular  theory  of 
light  was  accepted  by  most  physicists  until 
Thomas  Young,  in  1800,  showed  by  ex 
perimentation  and  by  mathematical  rea 
soning  that  light  energy  must  be  of  an  un- 
dulatory  or  wave  nature  if  such  phenom 
ena  as  diffraction  and  interference  are  to 
be  explained  in  a  rational  manner.  The 
work  of  such  scientists  as  Foucault  in 
measuring  the  velocity  of  light  in  different 
media,  and  Fraunhofer  in  establishing  the 
wave  length  of  various  lines  in  the  solar 
spectrum,  culminated  in  the  mathematical 
development  by  Maxwell,  and  the  experi- 


eclipse  of  a  satellite  of  Jupiter  as  seen 
from  various  positions  of  the  earth)  was 
3.0  X  1010  cm.  per  sec.,  a  figure  in  re 
markably  close  agreement  with  the  latest 
values  obtained  by  Michelson  in  terrestrial 
experiments  (2.997776  X  1010  cm.  per 
sec.).  This  value  is  for  radiation  in  a 
vacuum ;  in  other  media  the  velocity  varies 
with  the  nature  of  the  medium  and  the 
wave  length  of  the  radiation.  In  glass,  for 
example,  light  has  a  velocity  about  two 
thirds  as  great  as  in  a  vacuum. 

If    electromagnetic    radiations    are    re 
garded  as  a  wave  motion,  there  must  be 
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associated  with  any  given  radiation  a  spe 
cific  wave  length.  Figure  2.1  represents 
diagrammatically  a  simple  form  of  wave 
motion — a  sinusoidal  motion  of  a  medium 
forming  a  transverse  wave.  The  distance 
between  corresponding  positions  of  two  ad 
jacent  waves  represents  one  wave  length 
(A).  If  V  is  the  velocity  of  the  wave, 


The  numbers  given  in  the  tabulation  are 
somewhat  arbitrary,  inasmuch  as  the  vari 
ous  kinds  of  radiation  merge  gradually 
into  one  another  with  considerable  over 
lapping. 

The  tremendous  extent  of  the  electro 
magnetic  spectrum  is  illustrated  in  Pig. 
2.2.  The  characteristic  difference  between 
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FIG.  2.2.     The  electromagnetic  spectrum. 


and  T  the  time  for  one  wave  to  pass  a 
fixed  point,  then  A  =  VT.  The  quantity 
T  is  usually  referred  to  as  the  period, 
whereas  its  reciprocal  is  known  as  the 
frequency  (/),  the  latter  being  the  number 
of  waves  passing  a  given  point  in  unit 
time.  Expressing  A  as  a  function  of  /,  we 
have  A  =  V/f. 

The  various  types  of  electromagnetic 
waves  are  shown  in  the  following  tabula 
tion: 

Type  of  Radiation  Wave-length  Range  (cm.) 

Radio 3  X  106  to  0.4 

Infrared 0.4  to  8  X  10~B 

Visible 8  X  10~5  to  4  X  10"5 

Ultraviolet 4  X  10~5  to  10~7 

X  rays 10~7  to  10~9 

Gamma  rays 10~9  to  10~10 


the  various  radiations  is  their  wave  length. 
For  light,  the  part  of  the  electromagnetic 
spectrum  is  very  small,  and  the  waves  very 
short ;  the  frequency  of  green  light,  for 
example,  is  6  X  1014  or  six  hundred  thou 
sand  billion  vibrations  per  second.  Eadia- 
tion  of  a  single  wave  length  is  called 
monochromatic;  of  a  complex  nature,  het- 
ero chromatic.  Because  of  the  extreme 
shortness  of  the  wave  lengths  of  light,  the 
customary  units  of  inches  or  centimeters 

Manner  of  Detection 

Electrical  receivers 

Bolometer ;  photographic  emulsions 

Eye ;  photographic  emulsion,  photoelectric  cell 

Fluorescence;  silver  halides,  photoelectric  cell 

lonization ;  silver  halides 

lonization ;  silver  halides 
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are  usually  replaced  by  more  convenient 
units,  as  follows: 

Micron  (/*)  =  1/10,000  cm.  (10~4  cm.) 
Millimicron    (m/*)  -  1/10,000,000  cm. 

(10-7  cm.) 
Angstrom    (A}  =  1/100,000,000  cm.    (1Q-8 

cm.) 
Eadiation  from  about  400  to  700  m/*  is 

visible. 

Discontinuity  of  Radiation.  At  the 
turn  of  the  last  century,  new  experimental 
facts  were  discovered  which  could  not  be 
explained  on  the  basis  of  the  electromag 
netic  theory. 

When  an  object  is  heated  to  incandes 
cence,  the  quantity  of  energy  radiated  con 
stantly  increases,  and  the  character  of  the 
radiation  is  altered.  The  wave  length  at 
which  the  radiation  is  a  maximum  is 
shifted  toward  the  shorter  wave  lengths 
with  any  increase  of  the  temperature  of 
the  radiating  source.  The  total  radiation 
emitted  by  a  perfect  blacklody  l  varies  as 
the  fourth  power  of  the  temperature 
(Stefan-Boltzmann  Law)  and  the  wave 
length  of  maximum  radiation  is  given  by 
Wien's  Law  (Amax  =  CT).  The  curves  in 
Fig.  2.3  were  obtained  experimentally,  but 
a  theoretical  equation  which  agrees  with 
observations  was  derived  by  Planck  on 
the  assumption  that  radiation  is  discon 
tinuous,  being  emitted  in  definite,  indivis 
ible  units,  or  packets  of  energy  called 
quanta.  Another  example  of  experimental 
evidence  that  is  difficult  to  explain  by  the 
wave  theory  is  the  photoelectric  effect. 
Hertz  observed  that  a  spark  passes  more 
readily  between  electrodes  when  they  are 
illuminated,  and  other  observers  discov 
ered  that  plates  of  certain  metals  emit 
electrons  when  exposed  to  light.  These 


200 


i  A  blackbody  is  one  that  would  absorb  all 
radiation  falling  upon  it;  it  also  would  radiate 
more  energy  than  any  other  body  at  the  same 
temperature. 
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FIG.  2.3.     Relative  spectral  energy   curves  for 
a  blackbody. 

observations  resulted  in  a  wider  acceptance 
of  the  quantum  theory  which  is  the  sim 
plest  explanation  of  the  observed  facts. 

Radiation,  including  light,  is  now  re 
garded  as  being  composed  of  bundles  of 
energy  which  have  definite  wave  proper 
ties.  Perhaps  the  nature  of  light  may  be 
best  expressed  as  being  undulatory  and/or 
corpuscular,  depending  entirely  on  the 
physical  phenomena  which  are  to  be  ex 
plained.  The  wave  theory  is  usually  em 
ployed  when  explaining  diffraction  and 
interference ;  the  quantum  theory  is  a 
more  satisfactory  explanation  for  the  pho 
toelectric  and  photochemical  effects. 

Intensity  of  Light.  The  intensity  of  a 
source  is  expressed  in  candles  or  candle- 
power.  This  term  comes  to  us  from  the 
days  when  candles  were  the  only  reliable 
source  of  artificial  light.  The  difficulty 
of  obtaining  standardized,  constant  sources 
using  actual  candles  has  led  to  the  use 
of  carefully  calibrated  incandescent  elec 
tric  lamps  as  standards. 

The  foot-candle  is  a  unit  of  illumination, 
indicating  the  rate  at  which  light  falls 
on  a  surface;  one  foot-candle  may  be 
thought  of  as  the  intensity  of  light  on  a 
surface  all  parts  of  which  are  one  foot 
from  a  source  whose  intensity  is  one 
candle.  The  intensity  of  illumination  on 
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a  surface  is  directly  proportional  to  the 
intensity  of  the  source,  and  inversely  pro 
portional  to  the  square  of  the  distance  of 
the  surface  from  the  source. 

Spectral  Energy  and  Color  Tempera 
ture.  It  has  been  shown  that  the  energy 
appearing  at  any  wave  length  is  dependent 
upon  the  temperature  to  which  the  body 
is  heated.  The  curves  are  strictly  correct 
only  for  a  theoretical  blackbody,  but  are 
satisfactory  approximations  for  many  ac 
tual  objects,  including,  for  example,  the 
tungsten  filaments  of  incandescent  lamps. 
In  fact,  any  object  which  is  not  strongly 
colored  (i.e.,  a  gray  body)  is  likely  to 
give,  at  any  temperature,  a  curve  of  dis 
tribution  of  emitted  energy  having  a  shape 
substantially  the  same  as  that  from  a 
blackbody,  differing  only  in  that  less  en 
ergy  is  produced  at  all  wave  lengths. 

The  foregoing  statements  apply  only  to 
incandescent  solids,  liquids,  and,  in  part, 
to  highly  compressed  gases.  Gases  at 
nearly  normal  or  reduced  pressures  do  not 
produce  continuous  radiation,  but  instead 
radiation  at  (usually)  widely  separated 
points  in  the  spectrum,  with  little  or  no 
energy  being  emitted  at  intermediate  wave 
lengths.  Temperature  has  little  effect 
upon  the  wave  length  (or  wave-length 
range)  of  the  radiation  produced  which 
is  determined  primarily  by  the  nature  of 
the  substance  emitting  the  radiation.  For 
example,  incandescent  sodium  vapor  gives 
substantially  monochromatic  radiation  at 
one  point  in  the  spectrum  (yellow)  regard 
less  of  the  temperature  to  which  it  is 
heated. 

For  solids  and  liquids,  the  fact  that  the 
temperature  is  the  controlling  factor  in  the 
spectral  energy  distribution  enables  the 
color  of  the  light  produced  to  be  indicated 
by  a  number  called  the  color  temperature. 
When  it  is  said  that  the  color  temperature 
of  a  certain  lamp  is  3200 °K.,  it  should  be 
understood  that  the  lamp  is  producing 


radiation  having  the  same  visual  effect 
(color  sensation)  as  a  blackbody  would 
have  at  the  given  temperature.  Such  ter 
minology  may  be  used  even  when  the 
radiation  is  not  caused  by  heat  at  all  (as 
in  radiation  from  the  sky,  where  the  color 
temperature  may  be  as  high  as  25,000°K.2 

It  should  be  emphasized  that  the  use  of 
color  temperature  to  specify  the  radiation 
from  a  source  is  reasonably  accurate  only 
when  applied  to  bodies  giving  continuous 
radiation  like  that  from  a  blackbody.  It 
has,  strictly  speaking,  no  meaning  applied 
to  vapor  sources  (a  mercury  arc,  for  ex 
ample),  nor  can  it  be  used  without  quali 
fication  for  a  source  like  a  fluorescent  tube 
where  part  of  the  light  is  emitted  by  a 
solid,  and  part  by  a  vapor.  Where,  as  is 
often  the  case,  color  temperature  is  meas 
ured  with  a  meter  making  use  of  a  visual 
response,  two  sources  may  seem  to  the 
eye  to  have  the  same  color,  and  yet  their 
spectral  energy  distributions  may  be 
greatly  different  producing  vastly  differ 
ent  photographic  -results.  The  eye,  for  ex 
ample,  is  insensitive  to  ultraviolet  radia 
tion  to  which  photographic  emulsions  have 
their  greatest  response ;  the  ultraviolet  con 
tent  of  daylight  may  change  without  a 
noticeable  change  in  the  visible  light. 

If  the  color  temperature  of  a  source  is 
found  to  differ  from  a  specification,  the 
visual  or  photographic  significance  of  the 
departure  is  difficult  to  interpret;  there 
is  no  simple  relationship  between  the  ex 
tent  of  the  difference  and  the  change  to  be 
expected  in  the  effect.  For  low  color  tem 
peratures,  a  small  change  is  likely  to  be 
significant;  for  higher  color  temperatures, 
a  greater  change  is  required. 

The  use  of  the  designation  "mireds"  (a 
term  coined  from  the  phrase  "micro-re 
ciprocal  degrees")  largely  avoids  this  diffi- 

2K.  is  the  symbol  for  Kelvin  or  absolute  tem 
perature,  found  by  adding  273°  to  the  centigrade 
temperature  value. 
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culty.  The  mired  designation  of  a  source 
is  defined  as  the  reciprocal  of  the  color 
temperature  multiplied  by  one  million. 
When  expressed  in  mireds,  the  permitted 
difference  between  a  source  and  a  standard 
is  nearly  constant  over  a  wide  range.  For 
many  photographic  applications,  such  as 
in  color  photography,  a  variation  of  five 
mireds  produces  a  detectable  change  in  the 
image,  regardless  of  the  color  temperature 
of  the  source  under  consideration. 

Furthermore,  a  color  compensating,  or 
color  correcting,  filter  produces  the  same 
mired  change  in  the  effective  light  from 
any  source  to  which  the  filter  is  applied. 
If  two  or  more  filters  are  superimposed, 
their  effects  are  additive  when  expressed  as 
mireds.  These  facts  provide  a  basis  for 
the  convenient  specification  and  utilization 
of  filters.  Some  manufacturers  are  so 
designating  filters,  either  in  terms  of 
mireds,  or  decamireds.  In  the  latter,  a 
designation  of  a  filter  as  Bl,  for  example, 
indicates  a  bluish  filter  which  produces  a 
change  of  ten  mireds  when  used  with 
a  light  source  of  any  color  temperature. 

Measurement  of  Color  Temperature. 
Color  temperature  meters  incorporate  a 
series  of  blue-red  filters  arranged  in  such 
a  manner  that  three  adjacent  filters  are 
visible  at  the  same  time.  The  meter  is 
held  between  the  eye  and  the  source  and 
a  reading  of  the  color  temperature  is  ob 
tained  when,  on  examining  successive  sets 
of  filters,  the  central  filter  appears  inter 
mediate  in  hue  between  a  definitely  red 
dish  filter  on  one  side  and  a  definitely  blu 
ish  filter  on  the  other.  Considerable  ex 
perience  is  necessary  to  acquire  the  judg 
ment  needed  for  dependable  and  repeat- 
able  measurements,  and  differences  be 
tween  individuals  in  hue  perception  are 
important.  The  errors  inherent  in  visual 
instruments  are  avoided  by  photoelectric 
instruments. 


All  instruments  of  this  type,  however, 
are  useless  with  gaseous  sources  and  un- 
dependable  with  fluorescent  lamp  or  simi 
lar  sources  and  with  daylight,  because  with 
these  sources  the  spectral  energy  distribu 
tion  may  be  quite  different  from  the  color 
temperature  as  determined  from  measure 
ments  of  two  or  three  portions  of  the 
spectrum. 

Daylight.  Daylight  is  a  mixture  of  di 
rect  sunlight  and  reflected  light  from  the 
sky  and  from  nearby  objects;  the  relative 
proportions  of  the  two  kinds  of  light  de 
pend  on  the  location  of  the  subject,  the 
altitude  of  the  sun,  and  particularly  on 
the  atmospheric  conditions.  With  no 
clouds,  skylight  accounts  for  about  20% 
of  the  total  illumination.  Thin  clouds  re 
duce  direct  sunlight  to  about  one  third  of 
the  intensity  found  with  a  cloudless  sky, 
whereas  skylight  is  reduced  only  slightly. 
With  a  totally  overcast  sky,  sunlight  is 
reduced  to  about  25%,  and  skylight  to 
about  50%  of  their  values  when  there  are 
no  clouds.3 

The  spectrum  of  the  sun  is  substantially 
continuous,  with  the  negligible  exception 
of  the  dark  Fraunhofer  lines  representing 
partial  absorption  of  some  wave  lengths 
by  the  atmosphere  of  the  sun.  Energy  in 
the  near  ultraviolet  is  relatively  intense, 
despite  some  absorption  by  carbon  dioxide 
in  the  air.  Molecular  and  dust  particles 
in  the  air  scatter  the  shorter  wave  lengths 
of  direct  sunlight;  this  accounts  for  the 
redness  of  the  sun,  especially  when  near 
the  horizon.  Skylight  is  blue  by  re-reflec 
tion  of  the  shorter,  blue  rays.  When  the 
sky  is  hazy  or  overcast,  the  larger  particles 
present  scatter  all  wave  lengths  to  approxi 
mately  the  same  degree,  and  sunlight  and 
skylight  have  about  the  same  quality. 
Table  2.1  shows  some  of  the  variations 


sElvegard    and    Sjostedt,    Phot.    J.    86B,    91 
(1946). 
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TABLE  2.1.     AVERAGE  COLOR-TEMPERATURES  OF  DAYLIGHT  FOR  VARIOUS  SEASONS  AND 

WEATHER  CONDITIONS 
(LIGHT  RECEIVED  ON  A  HORIZONTAL  PLANE) 


April  and 
May 

June  and 
July 

Sept.  and 
Oct. 

Nov.,  Dec: 
and  Feb. 

Direct  sunlight  alone,  9  a  ni  to  3  p  m. 

5800°  K. 

5800°  K. 

5450°  K. 

*5500°  K. 

Direct  sunlight  before  9  and  after  3                       .... 

5400 

5600 

4900 

*5000 

Sunlight  plus  light  from  clear  sky 
9  a.m.  to  3  p.m  

6500 

6500 

6100 

*6200 

Before  9,  after  3 

6100 

6200 

5900 

*5700 

Sunlight  plus  light  from  a  hazy  or  slightly  overcast  sky  .  . 
Sunlight  plus  light  from  25%  to  75%  overcast  sky.    .  .  . 

5900 
6450 

5800 
6700 

5900 
6250 

5700 

Totally  overcast  skylight   

6700 

6950 

6750 

Light  from  hazy  or  smoky  sky  

7500 

8150 

*8400 

7700 

Light  from  clear  blue  sky 
9  a.m.  to  3  p.m  

26,000 

14,000 

12,000 

*12,000 

Before  9,  after  3  

27,000 

12,000 

found  in  the  color  temperature  of  natural 
light  under  various  conditions:4 

The  maximum  illumination  available 
from  the  sun  at  a  latitude  of  42°  is  about 
10,000  foot-candles.  It  is  considered  a 
very  dreary  day  if  the  illumination  falls 
to  1000  foot-candles;  this  compares  with 
ordinary  levels  of  illumination  of  less  than 
10  foot-candles  in  a  room  lighted  with 
artificial  sources.  The  eye  easily  compen 
sates  for  wide  changes  in  illumination; 
hence  the  difficulty  of  estimating  exposures 
without  the  aid  of  a  meter. 

In  the  absence  of  clouds,  the  illumina 
tion  from  the  sun  depends  upon  its  alti 
tude,  this  being  determined  by  the  latitude, 
the  time  of  day,  and  the  date,  as  follows: 

sin  k  =  sin  <f>  sin  8  +  cos  </>  cos  8  cos  I5t 

where  h  is  the  altitude  of  the  sun,  <£  is  the 
latitude,  S  is  the  declination  of  the  sun, 
and  t  is  the  difference  in  time  from  true 


noon.     Then  the  illumination  on  a  hori 
zontal  surface  from  the  whole  unclouded 


4  Trans.  111.  Eng.  Soc.  25,   154    (1930). 

Note:  Daylight  color  temperatures  obtained  by 
visual  methods  do  not  necessarily  enable  a  pre 
diction  of  photographic  effect  to  be  made,  since 
the  proportion  of  ultraviolet  radiation  present 
cannot  be  estimated  visually  but  profoundly  af 
fects  the  response  of  an  emulsion. 


sky  is  given  by  H  =  0.211  Vsin  h,  H  be 
ing  the  illumination  in  relative  measures. 


OFMAMJUASONO 
Month 

FIG.  2.4.     Variation  in  intensity  of  daylight  by 
hour  and  month.    (Henny  and  Dudley,  p.  274). 
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PIG.  2.5.     Spectral  energy  curves  of  typical  photographic  tungsten  lamps. 


The  illumination  from  the  direct  sun  can 
be  calculated  from  the  formula  S  =  1.6  sin 
h  10""°-lM,  where  M  stands  for  the  thickness 
of  the  atmosphere  through  which  the  sun 
light  passes.5 

Figure  2.4  shows  the  results  of  measure 
ments  of  the  intensity  of  daylight  for 
various  times  of  the  year  and  for  various 
hours  before  or  after  noon  at  one  place  on 
the  earth's  surface.6 

Incandescent  Tungsten  Lamps.  The  in 
candescent  tungsten  lamp  consists  essen 
tially  of  a  drawn  filament  of  tungsten  in  a 
glass  globe  containing  argon  and  nitrogen. 
The  energy  required  to  force  an  electric 
current  through  the  filament  raises  its 
temperature  to  incandescence.  The  op- 


s  Elvegard  and  Sjostedt,  op.  cit. 

6  Henney  and  Dudley,  Handbook  of  Photog 
raphy,  McGraw-Hill  Book  Co.,  Inc.,  New  York, 
1939,  p.  274. 


erating  temperature  in  the  modern,  high- 
efficiency  lamp  is  in  the  neighborhood  of 
5500°F.  The  filament  is  consumed  but 
slowly,  despite  this  high  temperature,  be 
cause  it  is  surrounded  by  inert  gases  which 
do  not  combine  chemically  with  it  and 
serve  to  retard  evaporation. 

The  spectral  energy  distribution  of  sev 
eral  tungsten  lamps  is  shown  in  Fig.  2.5. 
It  will  be  observed  that  in  all  cases  most  of 
the  radiation  is  in  the  infrared  region. 
This  portion  of  the  spectrum  is  useless  in 
ordinary  photography,  but  makes  the 
tungsten  lamp  an  excellent  source  for 
infrared  photography. 

Both  the  intensity  and  the  color  tem 
perature  of  the  radiation  from  a  tungsten 
lamp  depend  upon  the  voltage  at  which 
the  lamp  is  operated  and  the  age  of  the 
lamp.  Increasing  the  voltage  increases 
both  the  intensity  and  the  color  tempera- 
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FIG.  2.6.     Variation  in  light  output,  color  tem 
perature,  and  life  with  applied  voltage  for  a 
typical  incandescent  lamp. 

ture  of  the  radiation  and  shortens  the  life 
of  the  filament.  The  variation  can  be 
considerable,  as  in  shown  in  Fig.  2.6. 

Fluctuations  of  3  to  5  volts  are  not 
uncommon  in  buildings  with  the  usual  wir 
ing  arrangements,  these  variations  being 
caused  by  changes  in  the  load  on  the 
supply  lines.  If  a  lamp  is  operated  on 
a  long  extension  cord,  the  lamp  will  be 
operating  at  somewhat  less  than  its  rated 
voltage  by  reason  of  the  loss  in  the  cord. 
These  factors  are  ordinarily  not  important 
with  black-and-white  photographic  mate 
rials,  although  exposure  is  affected  to  some 
degree. 

Arc  Lamps.  The  simplest  arc  lamp  con 
sists  of  two  electrodes  of  carbon  arranged 
so  that  they  can  be  made  to  touch  and, 
when  sufficiently  heated  by  a  current  of 
electricity,  separated  to  leave  a  small  air 
gap.  The  resistance  to  the  passage  of  an 
electric  current  across  the  gap  raises  the 
temperature  of  the  carbon  electrodes  to 
the  vaporization  point  producing  an  in 
tense  light.  The  high  intensity  and  the 
abundance  of  short-wave  radiation  make 
arc  lamps  of  this  type  useful  in  blue 
printing,  in  exposing  graphic  arts  mate 


rials,  and  for  copyboard  illumination  in 
making  negatives  for  photoengraving,  off 
set,  or  gravure.  For  general  photography 
the  arc  has  been  replaced  by  other  sources. 

In  the  mercury  vapor  and  similar  lamps 
(sodium,  neon,  argon,  etc.),  the  electrodes 
are  at  the  opposite  ends  of  a  glass  or 
quartz  tube  containing  the  element  as  a 
gas.  When  a  current  of  suitable  voltage 
is  applied,  the  current  produces  an  arc 
which  produces  light  as  a  result  of  elec 
tronic  displacements  in  the  atomic  struc 
ture  of  the  gas.  The  spectrum  of  these 
lamps  consists  of  widely  spaced  lines  (Fig. 
2.7),  making  them  unsuitable  for  the 
photography  of  colored  objects.  The  mer 
cury  arc  is  useful  in  blueprinting,  in  pho 
tomechanical  processes,  and  may  be  used 
for  contact  printing  and  enlarging. 

In  fluorescent  lamps,  the  vapor  pressure 
and  voltage  of  a  mercury-vapor  lamp  are 
regulated  so  that  little  visible  light  is 
emitted,  but  there  is  a  high  emission  in 
the  ultraviolet.  The  inside  of  the  lamp 
is  then  coated  with  phosphore  which  ab 
sorbs  the  ultraviolet  radiation  and  re- 
radiates  this  energy  in  radiation  of  longer 
wave  lengths.  The  color  of  the  radiation 
can  be  regulated  by  the  phosphore  used; 
but,  regardless  of  the  phosphore  used,  an 
appreciable  portion  of  the  radiation  is 
from  the  lines  in  the  mercury  spectrum. 
This  makes  these  lamps  unsuitable  for 
color  photography,  but  the  soft  diffused 
light  and  freedom  from  heat  make  fluores 
cent  units  attractive  for  portraiture  in 
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FIG.  2.7.     Spectrum  of  mercury-vapor  lamp. 
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black-and-white  and  for  projection 
printing'. 

Flash  Lamps.  A  flash  lamp  produces 
light  as  a  result  of  the  controlled  burning 
of  an  highly  flammable  material,  such  as 
magnesium,  aluminum,  or  zirconium,  in 
an  atmosphere  of  oxygen.  The  sequence  of 
events  in  the  firing  of  a  flash  lamp  is  (1) 
the  electrical  circuit  heats  a  fine  tungsten 
filament  (Fig.  2.9)  which  in  turn  (2)  ig 
nites  ja  primer,  the  fragments  of  which 
(3)  ignite  aluminum,  or  zirconium  wire 
or  foil.  In  some  lamps,  designed  for  quick 
flashing,  there  is  no  wire,  only  the  ex 
ploding  primer  material  emits  light.7 

The  characteristics  of  a  flash  lamp  are 
shown  by  the  time-light  curve  (Fig.  2.10) 
which  represents  the  relationship  between 
time,  in  milliseconds  (0.001  sec.)  and  the 
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FIG.  2.8.     Spectrum   of    (A)    "Daylight"    and 
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7  Hile,  Silver  Anniversary  of  Photoflash  Lamps, 
Phot.  Sci.  and  Tech.  2,  #3,  103  (August  1955). 
Varden,  A  History  of  Flashbulbs,  Modern  Photog 
raphy,  pp.  116-119  and  bibliography  (October 
1955). 


FIG.  2.9.  Plash  lamp  showing  lead-in  wires, 
filament,  zirconium  coating  (primer)  alumin 
ium  wire  fill,  inner  and  outer  coating  of  bulb 
for  safety  and  for  changing  the  color  of  the 
light  source  to  meet  the  requirements  of  color 
materials. 

intensity  of  light  in  millions  of  lumens. 
The  time  from  zero  to  the  beginning  of 
the  curve  is  the  ignition  period;  from  zero 
to  the  maximum  light  output,  the  time-to- 
peak;  the  time  from  the  beginning  of  the 
curve  to  its  end,  the  total  light  time.  The 
useful  light  period,  or  flask  duration,  is 
usually  defined  as  the  time  in  milliseconds 
over  which  the  light  output  is  equal  to 
one  half  the  maximum  output.  The  light 
output  of  the  lamp  is  expressed  in  lumen 
seconds.  This  is  important  only  if  the  ex 
posure  time  is  sufficient  to  include  the  en 
tire  flash;  for  shorter  exposures,  the  ef 
fective  output  depends  upon  the  time  of 
exposure  and  the  portion  of  the  light  curve 
which  is  used. 

Flash  lamps  are  usually  divided  into 
four  classes.  The  time-light  characteristics 
of  these  are  shown  in  Fig.  2.10.  Class  F 
(fast)  lamps  are  designed  for  use  on  box 
cameras  and  other  cameras  with  simple 
lens  shutters  and  reach  peak  intensity  very 
quickly.  The  flash  duration  is  short  as 
compared  with  other  flash  lamps.  The 
total  light  output  in  lumen  seconds  is  also 
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PIG.  2.10.     Time-light  curves  for  F.M.S.  and  FP  flashlamps. 


relatively  low,  but  the  short  flash  duration 
results  in  high  efficiency.  Class  M  (me 
dium)  lamps  reach  peak  intensity  more 
slowly,  usually  in  about  20  milliseconds, 
and  the  flash  duration  is  longer.  This  type 
of  lamp  is  designed  for  use  with  synchro 
nized  lens  shutters  and  is  made  in  several 
sizes  with  peak  intensities  ranging  from 
approximately  4,200,000  lumens  to  500,000 
lumens.  Class  FP  (focal  plane)  lamps 
are  designed  for  use  with  focal  plane 
shutters  and  the  flash  duration  is  compara 
tively  long  to  correspond  with  the  time 
required  by  the  aperture  of  a  focal  plane 
shutter  to  travel  across  the  film.  Class  FP 
lamps  are  usually  made  in  two  sizes;  one 
for  35mm.  cameras  having  a  flash  dura 
tion  of  about  27  milliseconds,  and  one  for 
larger  cameras  with  a  flash  duration  of 
about  60  milliseconds.  The  peak  intensity 
is  comparatively  low,  because  of  the  long 
flash  duration,  and  ranges  from  about 
320,000  lumens  for  the  smaller  lamps  to 


1,400,000  lumens  for  the  larger.  Class  S 
(slow)  lamps  require  approximately  30 
milliseconds  to  reach  peak  intensity  and 
are  designed  primarily  for  the  commer 
cial  and  industrial  photographer.  They 
are  not  intended  for  synchronized  flash 
photography,  but  may  be  used  with  syn 
chronized  shutters  on  the  M  setting  at 
exposures  of  1/25  second  or  longer. 

There  are  a  number  of  smaller  flash 
lamps,  filled  with  zirconium  which  do  not 
fit  precisely  in  any  of  these  classes.  These 
(Fig.  2.11)  require  approximately  15  mil 
liseconds  to  reach  peak  intensity  and  thus 
are  somewhat  faster  in  this  respect  than 
class  M  lamps. 

All  lamps,  except  the  S  class,  are  de 
signed  for  battery  or  capacitor  use  at 
from  3  to  45  volts.  These  lamps  may  ex 
plode  if  connected  to  house  circuits.  Class 
S  lamps  may  be  used  on  house  circuits  as 
the  voltage  range  is  from  3  to  125. 

The  color  temperature  of  wire-filled  flash 
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PiG.  2.11.     Time-light  curve  of  a  small  all  glass 

zirconium  lamp  for  X.  and  F  settings  up  to 

1/60  sec.,  in  settings  at  all  speeds  and  35mm. 

focal-plane  shutters. 

lamps  varies  significantly  as  the  wire 
burns,  changing  by  several  hundred  de 
grees  during  the  period  of  useful  light 
output.  In  one  lamp  it  varies  by  approxi 
mately  four  hundred  degrees  above  and 
below  the  approximate  average  of  3800  °K. 
Because  of  this  variation  in  color  tempera 
ture,  it  is  to  be  expected  that  the  use  of 
synchronized  flash  will  produce  color  pic 
tures  of  varying  color  balance,  depending 
on  the  portion  of  the  flash-lamp  curve 
used  in  exposing  the  film.  More  consistent 


results  would  be  expected  if  open  flash,  or 
slow  shutter  speeds,  are  used,  since  under 
these  circumstances  light  approximating 
the  average  color  temperature  would  be 
utilized. 

Synchronization.  The  problem  in  syn 
chronization  is  to  establish  the  correct  time 
relationship  between  the  fully  open  period 
of  the  shutter  and  the  peak  intensity  of 
the  flash  lamp.  The  accuracy  required  is 
high  because  small  differences  can  make 
a  considerable  difference  in  exposure,  par 
ticularly  at  high  shutter  speeds.  In  Fig. 
2.12  the  curve  of  a  typical  lens  shutter  at 
1/200  second  is  superimposed  on  the  time- 
light  curve  of  a  class  M  flash  lamp.  If 
synchronization  is  accurate,  the  flash  lamp 
circuit  is  closed  at  A,  the  lamp  begins  to 
produce  light  at  B,  the  shutter  opens  at 
C  and  is  open  for  the  peak  of  the  flash  at 
D.  Errors  in  synchronization  arise  from 
differences  in  individual  flash  lamps,  vari 
ation  in  the  opening  times  of  shutters  of 
different  types,  particularly  with  age  and 
in  cold  weather  and  (when  batteries  are 
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FIG.  2.12.     Curve  of  a  typical  lens  shutter  and  the  time-light  curve  of  a  class 

M  flash  lamp. 
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used  without  a  capacitor)  inadequate  cur 
rent  for  normal  operation.  Plash  lamps 
require  from  5  to  10  amperes  to  operate 
properly,  and,  although  this  is  within  the 
capability  of  fresh  dry  batteries,  with  re 
peated  use  the  power  of  the  battery  to 
deliver  the  current  needed  for  efficient 
flashing  diminishes  rapidly.  Tests  with 
an  ammeter  are  not  reliable  as  a  nearly 
worn-out  battery  may  give  a  reading  and 
yet  be  unable  to  deliver  instantaneously 
the  current  needed  for  the  proper  func 
tioning  of  the  flash  lamp. 

The  battery  capacitor  system  avoids 
most  of  -these  problems.  The  charging 
current  for  the  capacitor  may  be  quite 
weak,  yet  the  capacitor  will  deliver  a  uni 
form  current.  The  result  is  that  the  bat 
teries  are  not  called  upon  to  provide  large 
currents  and  last  much  longer.  More 
over,  the  strong  current  delivered  by  the 
capacitor  makes  synchronization  positive. 
Battery-capacitor  (BC)  systems  are  par 
ticularly  desirable  for  multiple  flash  be 
cause  of  the  increased  number  of  lamps 
and  the  resistance  of  the  wires  connect 
ing  the  different  lamps. 

The  effective  exposure  with  a  flash  lamp 
does  not  vary  directly  with  the  exposure 
time  as  when  a  continuous  light  source, 
such  as  daylight  or  tungsten,  is  used. 
Since  the  opening  and  closing  times  for 
a  lens  shutter  are  the  same  for  all  ex 
posure  times  (except  the  highest  exposure 
speed  of  some  shutters),  increasing  the  ex 
posure  time  of  an  accurately  synchronized 
lens  shutter  will  include  more  of  decaying 
portion  of  the  time-light  curve  and  the 
effective  exposure  will  not  be  increased  in 
proportion,  If  the  shutter  opens  too  early 
and,  with  a  given  exposure,  closes  before 
the  peak  of  the  fish  is  reached,  then  an 
increase  in  the  exposure  time  will  increase 
the  effective  exposure  to  a  greater  degree 
than  the  increased  exposure  time. 

The  amount  of  exposure,  therefore,  de 


pends  on  the  accuracy  of  synchronization 
and,  in  general,  it  is  better  to  control  ex 
posure  by  varying  the  lens  aperture  than 
the  shutter  speed. 

ELECTRONIC  FLASH 
PHOTOGRAPHY  * 

The  first  known  use  of  the  electric  flash 
in  photography  can  be  credited  to  William 
Henry  Fox-Talbot,  about  1851,  when  he 
used  an  electric  spark  to  illuminate  a 
newspaper  attached  to  a  rotating  wheel. 
Professor  Ernest  Mach,  of  Prague,  in 
1884,  made  outstanding  ballistic  pictures 
showing  the  compressed  air  waves  for  the 
first  time.  The  projectile  cut  through 
glass-enclosed  wires,  thus  releasing  a 
strong  electric  spark  to  illuminate  the  pro 
jectile  and  its  air  wave  patterns.  Further 
progress  was  very  slow  until  1931  when 
Professor  Harold  Edgerton  of  Massachu 
setts  Institute  of  Technology  made  an  out 
standing  contribution.  Professor  Edger 
ton,  using  high  voltage,  put  the  electric 
spark  through  a  tube  containing  rare  gases 
to  produce  a  brilliant  flash.  By  the  late 
1940 's,  electronic  flash  units  were  used  by 
most  commercial  photographers  and  as 
they  became  more  portable  their  use  spread 
rapidly.  In  about  twenty  years  the  ratio 
of  light  output  to  weight  increased  more 
than  ten  times. 

The  gaseous  discharge  lamp,  known  also 
as  electronic  flash,  or  speed  flash,  offers 
the  photographer  many  advantages.  Large 
studio  units  are  capable  of  producing  il 
lumination  almost  as  bright  and  approxi 
mately  equal  in  quality  to  sunlight.  The 
duration  of  the  flash,  being  faster  than 
the  shutter,  makes  it  possible  to  obtain 
sharp  images  of  rapidly  moving  objects. 
Using  a  stroboscopic,  or  rapidly  repeating, 
flash,  the  velocity  and  acceleration  of  an 
object  can  be  studied.  Since  the  light  is 


•  TMs  section  by  H.  H.  Davis. 
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FIG.  2.13.     Typical  electric  circuit  of  an  electronic  flash  lamp. 


cool,  photomicrographs  can  be  made  of 
specimens  that  would  be  destroyed  under 
the  heat  of  conventional  illumination. 

An  electronic  flash  circuit  contains  four 
major  components  as  shown  in  Fig.  2.13. 
The  power  pack  and  the  limiting  resistor 
are  usually  in  one  unit  and  the  trigger  cir 
cuit  and  flash  lamp  in  a  second  unit. 

Power  Supply.  The  type  of  power  sup 
ply  determines  portability,  light  output, 
and  operating  cost. 

The  110-volt  alternating  current  unit 
enjoys  the  lowest  operating  and  mainte 
nance  cost.  This  group  includes  large 
studio  units  and  also  small  units.  Port 
ability  is  limited  to  the  length  of  the  power 
cord  and  nearest  power  outlet. 

Low- voltage  batteries  (1-J-  to  6-volt  DC) 
offer  a  choice  between  wet  or  dry  cells. 
In  this  unit  the  battery  energy  is  changed 
to  AC  with  vibrators,  or  transistors,  and 
the  voltage  is  increased  with  a  transformer, 
then  rectified  back  to  DC  with  a  silicon 
rectifier  or  electron  tube.  The  initial  cost 
of  the  wet  cell  is  high  but  over  a  period  of 
years,  with  care,  the  cost  of  operation  is 
reduced  to  a  fraction  of  a  penny  per  flash. 
The  low- voltage  (Leclanche  zinc  carbon) 
dry  battery  cost  is  moderate ;  the  batteries 


are  discarded  when  exhausted  and  re 
placed  at  a  cost  of  about  one  penny  per 
flash.  The  lead  acid,  high-energy,  battery 
has  about  double  the  capacity  and  cost  of 
the  Leclanche  type.  Newer,  and  higher 
cost,  nickle-cadmium  batteries  can  be  re 
charged  many  times  over  several  years; 
these  compare  to  wet-cell  batteries  in  cost 
and  maintenance.  The  barium-cadmium 
battery  is  rechargeable  with  a  life  of  about 
four  years.  A  total  of  100  to  200  flashes 
per  charge  can  be  expected  with  this 
group  of  batteries.  Recently  developed 
transistorized  monitoring  controls  cut  the 
battery  in  and  out  to  maintain  maximum 
capacitor  charge  and  reduce  battery  drain. 

High- voltage  batteries  (400  to  900  volts) 
have  a  high  initial  cost,  but  the  low  main 
tenance  and  the  long  life  (2000-3000 
flashes)  make  them  no  more  expensive  in 
the  long  run.  The  most  significant  value 
of  this  battery  unit  is  its  simplified  power 
pack  and  thus  higher  reliability. 

Dry-battery  maintenance  is  simple: 
avoid  high  temperatures  and  keep  in  a 
cool,  dry  place.  For  long-term  storage, 
batteries  may  be  refrigerated  at  40 °F. 
or  lower:  allow  gradual  warm-up  to  room 
temperature.  Frequent  use  of  a  battery 
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booster,  or  charger,  is  helpful,  especially 
in  conjunction  with  reforming  capacitors 
that  have  been  idle  for  several  weeks. 

Capacitors.  Capacitors  store  the  elec 
trical  energy  and  are  the  determining  fac 
tor  in  quantity  and  duration  of  light. 
Two  types  are  currently  used.  The  oil- 
filled  capacitor,  generally  used  in  large 
studio  units,  is  larger  and  heavier  and 
will  store  more  energy.  The  smaller  elec 
trolytic  capacitor,  used  in  portable  units, 
operates  at  lower  voltages  and  is  about 
one  quarter  as  heavy  as  the  oil-filled  ca 
pacitors.  Electrolytic  capacitors  will  re 
quire  minor  attention  and  care  to  main 
tain  their  maximum  usefulness.  Long  idle 
periods  (four  weeks  and  longer)  will  al 
low  the  dielectric  (nonconducting  barrier) 
to  deform,  causing  excessive  electrical 
drain  on  battery  units  to  reform  the  ca 
pacitors.  This  can  be  avoided  if  the  bat 
tery  unit  is  flashed  a  couple  of  times  each 
week.  On  battery  units,  do  not  fire  the 
flash  tube  and  discharge  the  electrolytic 
capacitors  before  storage;  the  residual 
charged  storage  will  tend  to  delay  de 
forming.  Avoid  high  temperatures  which 
increase  the  rate  of  deforming. 

Wet-battery  units  will  generally  reform 
the  capacitors  when  the  batteries  are  re 
charged.  Some  battery  units  have  a 
booster  or  "  regenerator "  to  reform  the 
capacitors  and  thus  avoid  high  battery 
drain.  Caution  should  be  used  if  an  AC 
unit  has  been  stored  for  a  long  time.  A 
regulated  voltage  source  should  be  used 
starting  at  about  50%  of  the  working 
voltage  and  increased  gradually  to  normal 
voltage  over  a  2-hr,  period.  Failure  to 
take  this  precaution  may  cause  a  capacitor 
to  explode.  If  this  should  happen,  bleed 
the  residual  charge  from  the  remaining 
capacitors  and  replace  the  defective  ca 
pacitor. 

The  total   energy  discharged  from  the 


capacitors  into  the  flash  tube  is  calculated 
as  follows: 

J  (watt-seconds) 

C  (capacitance  in  microfarads) 

X  #2(kilovolts) 


Thus  a  100  watt-second  unit  could  be 
either  500  microfarads  at  0.63  kilovolt  or 
2000  microfarads  at  0.32  kilovolt. 

Actually,  not  all  of  the  energy  reaches 
the  tube,  as  there  is  a  small  residual  volt 
age  on  the  capacitor,  and  some  energy  is 
consumed  in  the  conductors  that  inter 
connect  the  tube  and  the  capacitor.  These 
losses  are  usually  negligible.  It  can  be 
seen,  therefore,  that,  for  a  given  capaci 
tance,  the  energy  input  to  the  tube  varies 
as  the  square  of  the  voltage.  However, 
this  is  not  necessarily  an  indication  of  the 
light  output,  because  the  efficiency  of  the 
tube  increases  with  the  voltage  applied. 
For  this  reason,  the  intensity  of  the  flash 
at  higher  inputs  may  reach  a  value  ap 
proaching  the  cube  of  the  applied  voltage. 
Despite  this  increase  in  efficiency,  it  should 
be  remembered  that  loading  a  tube  be 
yond  that  recommended  by  the  manufac 
turer  will  considerably  shorten  its  life. 

The  Limiting  Resistor.  The  limiting  re 
sistor  is  essential  in  controlling  the  charg 
ing  rate  and  recycling  time  of  the  capaci 
tor.  It  enables  the  flash  tube  to  deionize 
and  not  go  into  a  continuous  arc  after  the 
flash.  Failure  to  deionize  is  often  termed 
"hold-over"  or  "after-glow"  and  reduces 
the  life  of  the  flash  tube.  The  method  of 
control  depends  upon  the  charging  time 
and  the  flash-tube  anode  hold-off  voltage. 
A  simple  wire-wound  ceramic  resistor  may 
be  used,  or  such  special  methods  as  a  re 
actor  connected  in  series  with  the  capacitor 
on  the  charging  side,  or  in  some  cases  a 
high-leakage  reactance  characteristic  in  the 
step-up  transformer  itself. 
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The  Trigger  Circuit.  For  efficient  op 
eration  the  trigger  circuit  must  be  de 
signed  to  suit  the  requirements  of  the  flash 
lamp.  A  circuit  that  is,  not  designed  or 
operating  properly  may  cause  (1)  occa 
sional  self -firing  of  the  lamp;  (2)  failure 
to  fire;  (3)  shortening  of  the  lamp  life, 
or  (4)  misfiring  after  several  flashes  are 
made  in  quick  succession.  Low-energy 
portable  flash  units  may  have  a  simple 
circuit  that  discharges  a  0.25  microfarad 
capacitor  charged  to  160  volts  into  a  trig 
ger  coil;  this  coil  provides  a  peak  voltage 
of  4  kilovolts  to  the  trigger  terminal  of 
the  flash  tube.  In  this  case,  the  shutter 
contacts  may  act  as  the  switch,  connecting 
the  capacitor  to  the  trigger  coil.  Higher 
energy  flash  lamps  may  use  a  small  ca 
pacitor,  approximately  0.25  microfarad, 
triggered  through  the  shutter,8  to  trigger 
an  electronic  switch  or  thyratron  tube; 
the  thyratron  tube  then  triggers  a  larger 
capacitor  which  is  discharged  into  a  trans 
former  coil  and  from  this  coil  the  voltage 
is  stepped  up  to  approximately  10  kilo- 
volts  to  the  trigger  terminal  of  the  flash 
tube.  A  third  method,  using  a  relay,  is 
becoming  less  popular.  When  this  relay 
is  energized  by  the  synchronizing  circuit, 
it  closes  the  main  power  circuit  between 
the  capacitor  and  the  flash  tube.  The 
sudden  application  of  higher  voltage 
across  the  tube  produces  the  flash.  The 
use  of  a  relay,  however,  introduces  certain 
disadvantages  since  the  points  of  the  re 
lay  have  a  tendency  to  stick  and  they  need 
frequent  adjustment.  Moreover,  the  me 
chanical  delay  introduced  by  the  pickup 
time  of  the  relay  makes  for  erratic  syn 
chronization  at  higher  speeds.  This  is  not 
important  for  portrait  or  general  interior 
work  where  slow  shutter  speeds  can  be 


s  A  photocell  tube  can  be  used  in  place  of  the 
shutter  to  convert  this  circuit  to  slave  unit  opera 
tion. 


tolerated.  This  type  of  trigger  circuit  uses 
a  low-pressure  lamp  with  only  two  elec 
trodes,  since  there  is  no  need  for  the  start 
ing  band  to  apply  the  previously  men 
tioned  triggering  pulse. 

The  Flash  Lamp.  The  form  of  the  flash 
tube  depends  on  the  mounting,  optical 
system  (reflectors)  service  replacement, 
and  its  operating  parameters  will  stipulate 
the  size  of  the  arc  chamber  and  trigger 
pulse  connection.  The  tube  material  is 
usually  hardened  glass;  however,  quartz  is 
used  when  the  lamp  is  designed  for  heavy 
loadings  or  high  power.  The  arc  chamber 
may  be  straight  or  coiled  into  a  helix  for 
greater  light  concentration.  Reduction  of 
the  tube  length  will  produce  shorter  flash 
durations.  For  photographic  purposes, 
the  tube  is  filled  with  xenon,  an  inert  gas 
that  glows  brightly  and  produces  the  flash 
when  the  electricity  stored  in  the  capaci 
tors  is  discharged  through  it.  The  high- 
pressure  flash  tubes  do  not  fire  when  con 
nected  to  the  charged  capacitors.  These 
high-pressure  tubes  are  customarily  flashed 
through  the  use  of  a  triggering  coil  or  an 
electronic  circuit  that  momentarily  makes 
the  compressed  gas  electrically  conductive 
to  the  discharge  and  produce  the  flash. 
A  second  type  of  tube  is  the  low  pressure 
type  which  flashes  immediately  when  the 
stored  charge  is  delivered  to  it.  This 
type  of  tube  is  generally  set  off  or  trig 
gered  by  a  relay. 

Flash-tube  characteristics  differ  for 
various  requirements.  Battery  units  may 
be  designed  for  300,  450,  or  900  volts ;  AC 
units  seldom  exceed  2000  volts,  while  spe 
cial  units  are  available  to  4000  volts. 
Then,  depending  on  the  capacitor,  the  re 
sistance  and  inductance  in  the  discharge 
circuit,  the  flash  duration  will  range  from 
the  generally  used  fast  (1/400  to  1/2000 
sec.)  ;  very  fast  (1/2000  to  1/50,000  sec.)  ; 
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to  ultra-fast  (1/50,000  see.  or  less).9  In 
the  case  of  a  repeating  type  (stroboscopic), 
the  flashing  rate  (recycle  time)  may  be 
very  slow  (1  to  6  pulses  per  second),  slow 
(6  to  60  pulses  per  second),  fast  (60  to 
600  pulses  per  second),  very  fast  (600  to 
6000  pulses  per  second),  and  ultra- fast 
(6000  and  more  pulses  per  second). 

Definitions.  1.  Flash  duration  is  the 
time  interval  from  the  instant  the  flash 
reaches  one  third  of  its  peak  intensity  to 
the  instant  that  it  decays  to  the  same 
value. 

2.  Recycle  time  is  the  time  required  for 
the  equipment,  after  producing  a  flash,  to 
produce  a  second  flash  which  is  70%   as 
intense  (equivalent  to  one-half  "stop"  less 
exposure)    as   a  flash   produced  with   the 
energy  source  at  peak  voltage.     Since  the 
light  output  varies  approximately  as  the 
square  of  the  voltage,  the  recycle  time  is 
defined  as  the  time  after  a  flash  for  the 
voltage  in  the  energy  storage  capacitors  to 
reach  84%  of  peak  voltage. 

3.  Beam  candle-power  seconds   (BCPS) 
is  an  integrated  unit  of  the  product  of  the 
intensity    of    the    light    beam    in    candle 
power  and  its  duration  in  seconds.     This 
may   be   determined   as   follows :   Measure 
the  quantity  of  light  emitted  by  the  unit 
under   test  with   an   accurate   integrating 
light  meter   calibrated  against   a  suitable 
secondary  standard.     Align  the  flash  re 
flector  perpendicular  to  the  meter  photo 
cell  at  a  distance  of  at  least  twelve  times 
the  diameter  (or  diagonal)  of  the  reflector 
aperture.     With  the   voltage   at   84%    of 
peak  voltage,  record  the  light  level  on  axis 
and  when  rotated  at  five  degree  intervals 
right  and  left  of  axis.    Successive  readings 
should  not  vary  more  than  25%  within  the 
designated  angle  of  coverage. 


9  Eeciprocity  failure  at  short  exposures  is  a 
factor  with  many  photographic  emulsions;  check 
data  of  the  film  manufacturer. 


The  designated  angle  of  coverage  in 
cludes  the  angle  between  the  points  where 
the  quantity  of  light  is  50%  of  that  meas 
ured  on  axis.  For  example,  the  unit 
would  be  rated  as  2500  BCPS/500  or, 
when  horizontal  and  vertical  planes  differ 
as  in  a  rectangular  reflector,  as  2500 
BCPS/600  H-45°V.  The  manufacturer  of 
units  rated  in  this  system  will  generally 
provide  a  tabulation  to  convert  BCPS  to 
"Guide  Values"  or  "Exposure  Guide 
Numbers." 

In  making  the  above  light  measurements 
of  BCPS,  reference  was  made  to  "a  suit 
able  secondary  standard."  In  view  of  the 
need  for  standards  and  the  fact  that  large 
organizations  place  great  dependability 
upon  their  light  units  and  light  measuring 
meters,  it  is  advisable  to  include  a  word 
about  this  secondary  standard.  A  xenon 
flash  tube  operated  from  a  known  capaci 
tor  at  a  specific  voltage  can  be  used  if 
the  duration  of  the  flash  is  greater  than 
100  milliseconds.  The  General  Electric 
FT-214  flash  tube  is  suitable  when  flashed 
from  a  100-microfarad  capacitor  charged 
to  2000  volts.  With  200  watts  seconds,  as 
described,  the  average  FT-214  will  have 
an  output  of  approximately  700  horizontal- 
candle-power  seconds  (HCPS).  The  front 
of  the  light  meter  being  calibrated  should 
be  located  31.8  in.  from  the  center  of  the 
flash  tube  to  obtain  a  100  foot-candle- 
second  incident-light  meter  reading.  Care 
must  be  taken  when  making  readings  to 
eliminate  reflected  light  from  nearby  ob 
jects.  Such  light  can  easily  introduce  an 
error  in  the  incident  light  received  by  the 
meter.  Use  light  shields  and  black  velvet 
draped  over  objects  in  close  view. 

4.  Peak  voltage  of  a  flash  unit  is  the 
voltage  at  the  energy  storage  capacitors, 
as  measured  with  a  20,000  ohm  per  volt 
voltmeter,  during  a  charging  cycle  when 
the  voltage  increase,  is  less  than  1%  per 
10-sec.  interval. 
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5.  Energy  storage  capacity  is  expressed 
in  watt-seconds  and  is  determined  by  the 
product  of  the  condenser  capacity  (micro 
farads)  times  the  square  of  the  voltage 
(kilovolts),  divided  by  two. 

Operational  Care.  WARNING:  Flash- 
tube  power  supplies  are  HIGH-VOLTAGE 
equipment  and  should  be  treated  with 
the  utmost  caution.  The  electrical  charac 
teristics  of  the  transformer  and  the  capaci 
tors  used  are  such  that  careless  handling 
of  them  may  result  in  serious  injury. 
Since  the  capacitors  retain  a  charge  even 
when  the  power  is  disconnected,  bleeder 
resistors  should  always  be  provided  and 
units  should  be  flashed  once  after  the 
switch  is  turned  off  to  remove  the  bulk  of 
the  residual  charge.  Construction  and 
service  of  flash-tube  power  supplies  should 
be  attempted  only  under  supervision  of 
persons  familiar  with  the  operation  and 
application  of  electrical  and  electronic 
high-voltage  circuits. 

Electronic  flash  equipment  should  not  be 
used  in  explosive  atmosphere.  If  neces 
sary  to  use  the  equipment,  including  the 
switch  (such  as  shutter  contacts),  it  should 
be  enclosed  and  the  enclosure  certified  by 
a  qualified  testing  laboratory;  check  speci 
fications  of  the  U.  S.  Bureau  of  Mines. 

The  following  operating  rules,  if  ob 
served,  will  soon  become  habit  and  well 
worth  the  initial  extra  precautionary  con 
sideration. 

Connect  lamp  heads  to  the  power  cords 
only  when  the  power  is  turned  off.  Fail 
ure  to  do  this  may  cause  arcing  as  the 
plug  connection  is  made,  causing  damage 
or  personal  injury. 

Keep  hands  away  from  flash  tubes,  es 
pecially  large  studio  types,  until  the  ca 
pacitors  have  been  discharged  of  all  re 
sidual  current  or  the  lamp  cords  have 
been  disconnected.  Allow  several  hours 
to  bleed  capacitors  unless  provisions  are 
made  for  a  more  rapid  means  of  bleeding. 


Keep  power  and  trigger  cords  off  the 
floor.  Walking  on  them  will  break  insula 
tion  and  cause  internal  shorts  or  electrical 
leakage. 

Observe  polarity  between  the  trigger 
cord  and  the  shutter.  This  is  necessary 
for  some  shutters  and  also  when  several 
flash  units  are  triggered  without  the  aid 
of  photocells.  If  the  flash  unit  self-fires, 
reverse  the  plug  polarity  in  the  socket. 
Trigger  cords  between  lamp  heads  can  be 
made  up  using  ordinary  No.  18,  two-con 
ductor,  lamp  cord. 

Turn  off  battery  units  when  not  in  use ; 
allowing  the  unit  to  stand  for  several 
hours  with  the  power  on  compares  to  the 
useless  idling  of  an  automobile. 

Maintenance.  Check  shutter  synchroni 
zation  periodically  by  observing  the  lamp 
flash  through  the  shutter.  Shutter  blades 
must  appear  fully  opened  when  the  shutter 
synchronization  lever  or  switch  has  been 
set  to  zero  delay  or  "X"  synchronization. 
Check  at  several  shutter  speeds.  In  the 
case  of  focal-plane  shutters,  it  will  be 
necessary  to  check  at  the  slower  speeds 
when  the  curtain  is  at  full  aperture. 

Keep  connectors  and  plugs  clean.  Dirty 
contacts  cause  high  electrical  resistance 
and  loss  of  light.  USB  CAUTION  WITH 
HIGH-VOLTAGE  CIRCUITS. 

Check  plug  connections  to  be  sure  they 
are  tight — loose  contacts  will  allow  arcing 
in  high-voltage  circuits  or  a  possible  mis 
fire  in  a  low-voltage  trigger  circuit. 

Battery  voltage  -can  be  tested  with  a 
20,000  ohms  per  volt  meter.  On  dry 
batteries,  a  battery  booster  will  depolarize, 
or  rejuvenate,  the  batteries  in  a  few  hours 
and  have  the  same  end  result  as  recharg 
ing.  Be  sure  to  disconnect  all  power  cords 
to  the  lamp  heads  when  recharging. 

Wet-cell  batteries  are  frequently  mis 
handled  by  adding  too  much  water.  Dur 
ing  charging,  a  gas  is  given  off  and,  as  a 
result,  water  containing  acid  electrolyte 
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may  be  forced  out  of  the  battery  and 
damage  clothing  or  equipment.  Neutral 
ize  this  acid  electrolyte  with  water  and  a 
strong  solution  of  baking  soda.  Wet-cell 
battery  terminals  are  inherently  subject 
to  corrosion.  An  application  of  petroleum 
jelly  will  prevent  this  corrosion.  In  the 
event  of  corrosion,  the  terminals  should  be 
washed  in  a  strong  solution  of  baking  soda. 

Battery  operated  units  that  have  not 
been  used  for  several  months  will  require 
reforming  of  the  electrolytic  capacitors. 
This  can  be  accomplished  while  reforming 
the  battery  and  conserve  battery  power. 
After  the  battery  is  charged,  disconnect 
all  cords.  Do  not  leave  the  recharger  con 
nected  to  the  power  pack  when  the  AC 
current  of  the  recharger  has  been  turned 
off. 

Check  all  screws  and  connectors  at  six- 
months  intervals. 

Troubles  and  Symptoms.  Do  not  open 
the  power  pack  unless  you  know  how  to 
discharge  the  capacitors.  Capacitors  are 
charged  to  several  hundred  volts.  To  dis 
charge  the  capacitors  use  a  2000  to  5000 
ohm,  25-watt  wire-wound  resistor  mounted 
on  a  heat  insulated  handle.  Short  across 
the  capacitor  contact  several  times  to  re 
move  the  residual  charge.  Never  attempt 
to  open  power  pack,  or  lamp  head,  while 
cords  are  connected  or  switches  on. 

Holdover,  or  afterglow,  means  the  flash 
lamp  is  not  deionized;  this  will  reduce  the 
life  of  the  lamp.  Check  thyratron  trigger 
tube.  The  limiting  resistor  may  be  de 
fective;  thus  the  capacitor  current  does 
not  decay  below  the  minimum  voltage 
point  of  the  lamp  and  the  current  con 
tinues  to  flow  into  the  lamp  and  cause 
afterglow. 

In  case  of  self-firing,  remove  trip  cord 
from  shutter,  then  from  lamp  head. 
Cause  >may  be  in  cord  leakage  or  shutter 
leakage. 

Slow  charging  of  capacitors  may  be  due 


to  capacitor  reforming  after  a  long  idle 
period.  If  no  flash  occurs,  disconnect 
shutter  and  short  cord  plug  contacts  with 
wire ;  if  lamp  does  not  fire,  short  the  lamp- 
head  plug.  In  this  way,  eliminate  first  a 
possibly  defective  shutter,  then  the  shutter 
connecting  cord  and,  finally,  the  lamp- 
head  socket. 

A  false  flash  when  the  camera  is  held 
may  mean  that  the  shutter  case  and  the 
camera  body  are  grounded.  Correct  polar 
ity  by  reversing  synchronization  cord  at 
shutter  or  lamp  socket. 

Insulators  made  of  bakelite  will  carbon 
ize  after  arcing-over  and  become  electri 
cally  conductive — inspect. 

If  the  pilot  light  does  not  light,  check 
fuse.  Neon  pilot  lights  seldom  burn  out. 

If  the  line  voltage  is  low,  unit  may  not 
charge. 

Be  sure  the  replacement  fuse  is  like 
the  original. 

Pilot  lamps  are  neon  type  having  two 
elements  glow  on  AC  current.  On  DC 
current  only  one  of  the  two  filaments  will 
glow  and  the  unit  should  not  be  used. 

With  AC  units,  variations  in  exposure 
may  be  due  to  fluctuation  of  line  voltage. 
A  10%  change  in  voltage  can  produce  ap 
proximately  20%  change  in  light  output. 
For  color  work  it  is  advisable  to  use  an 
automatic  voltage  control. 

High  humidity  can  cause  self-flashing 
and  may  be  prevented  with  a  little  effort. 
Remove  batteries.  Blow  out  dust  and  dirt. 
Clean  contacts,  sockets,  plug  pins,  and 
insulators  around  them  with  a  commercial 
solvent  for  cleaning  electrical  contacts. 
Dry  in  oven  at  100° F.  for  about  20  min. 
If  contacts  are  burned,  polish  with  fine 
sandpaper.  Apply  a  thin  film  of  silicone 
grease  (Dow-Corning  No.  4),  on  impor 
tant  insulating  surfaces  of  trigger  plugs 
and  high-voltage  plugs  and  sockets.  Do 
not  apply  silicone  grease  to  the  contacts. 
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PIG-.  2.14.    Time-light  curves  of  an  electronic  flash,  lamp. 


Flash  Duration.  The  flash  duration  is 
the  product  of  the  resistance  (in  ohms) 
of  the  flash  tube  and  the  rating  of  the  ca 
pacitor  in  farads.  As  an  example,  the 
General  Electric  Flashtube  FT-220,  which 
is  used  on  a  number  of  battery-operated 
units,  has  a  resistance  of  about  6  ohms 
when  operated  at  2000  volts  through  a 
range  of  10  to  100  microfarads.  Assum 
ing  a  capacitance  of  30  microfarads,  the 
flash  duration  becomes: 

Duration  =  6  X  30  X  1Q-6  =  0.00018   see. 

This  is  equal  to  0.18  millisecond  or  180 
microseconds.  The  result  is  only  an  ap 
proximation;  the  actual  time  is  usually 
somewhat  longer,  since  the  tube  resistance 
is  large  during  the  initial  part  of  the 
discharge. 

The  time-light  curves  (Fig.  2.14)  show 
the  effect  on  flash  duration  of  increasing 
the  capacitance  at  a  given  voltage  using 
the  FT-214,  FT-403  and  FT-503  flash 
tubes.  At  the  high  loadings  for  which  the 
FT-503  is  rated,  it  is  necessary  to'  include 
one-half  millihenry  inductance  in  series 
with  each  100  microfarads  of  capacitance 
in  the  operating  circuit  in  order  to  limit 
the  peak  discharge  current  and -reduce  the 


noise.  The  curve  for  the  FT-503  flash 
tube  shows  the  effect  on  flash  duration 
when  the  recommended  amount  of  induc 
tance  is  used  in  the  circuit. 

For  a  given  input,  the  output  of  a  flash 
tube  is  constant  within  a  very  small  per 
centage  throughout  its  life.  There  is  not 
the  loss  of  efficiency  that  occurs  with  tung 
sten  lamps  in  which  the  filament  evapo 
rates  and  condenses  on  the  inside  of  the 
lamp,  darkening  it  and  decreasing  its  out 
put.  The  spectral  distribution  is  depend 
ent  upon  electronic  molecular  excitation 
and  is,  therefore,  independent  of  voltage 
changes  and  of  tube  life.  For  these  rea 
sons,  it  has  been  proposed  that  a  flash 
tube  operating  under  specified  conditions 
be  used  as  a  standard  light  source. 

The  average  electronic  flash  unit  will 
allow  a  faster  flash  speed  of  two  to  three 
times.  Use  maximum  number  of  lights  on 
each  capacitor  bank;  this  permits  capaci 
tor  to  discharge  in  less  time  through  more 
lamps.  Use  short  cables,  of  equal  length, 
between  power  pack  and  lamps.  In  addi 
tion,  consider  reducing  subject  contrast; 
reduce  mirror  light  reflections  with  dulling 
spray.  Use  fast  shutter  speed  to  reduce  or 
eliminate  ambient  light  exposure. 
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Determining  Exposure.  Exposure  guide 
numbers  are  convenient  for  determining 
the  exposure  for  a  given  set  of  conditions, 
since  it  is  only  necessary  to  divide  by  the 
lamp-to-subject  distance  in  feet  to  obtain 
the  correct  //number  to  use.  In  the  same 
manner,  dividing  the  exposure  guide  num 
ber  by  the  //number  will  give  the  dis 
tance  in  feet  at  which  the  lamp  must  be 
placed  from  the  subject.  This  system  is 
particularly  advantageous  with  electronic 
flash  because  shutter  speed  does  not  have 
to  be  considered,  the  flash  duration  always 
being  much  shorter  than  the  open  period 
of  the  fastest  shutter.  A  satisfactory  ex 
posure  guide  number  DA  (distance 
X  aperture)  can  be  obtained  by  using  the 
following  formula : 
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sociation  Exposure  Index  of  the  film,  C 
is  a  constant  between  15  and  30  (see  ASA 
Standard  PH  2.12),  and  BCPS  is  the 
beam-candle-power-seconds  obtained  from 
the  manufacturers  data  or  calculated  as 
explained  later.10 

Assuming  8  to  be  film  having  an  ex 
posure  index  of  32,  a  constant  C  of  16,  and 
a  flash  unit  having  a  BCPS  of  2200,  this 
equation  becomes : 


=X  BCPS 
where  S  is  the  American  Standards  As 


DA  = 


32 
16 


X  2200  =  66.2 


Dividing  this  number  by  the  lamp-to-sub 
ject  distance  will  give  the  desired  lens 
aperture  for  the  proposed  condition. 


1°  Some  manufacturers  have  used  a  similar 
rating  of  effective-candle-power-seconds  (ECPS). 
Exposures  calculated  with  this  value  will  not 
differ  appreciably  if  the  reflector  distribution  is 
uniform.  ECPS  averages  values  of  W  on  axis 
and  5°  each  side. 
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FIG.  2.15.    Guide-number  chart. 
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PIG.  2.16.     Light  meters  for  electronic  flash. 
Left.     Thomas  strobemeter. 
Eight.     Ascor  flash  meter. 


The  BOPS  value  is  calculated  as  fol 
lows: 

BCPS  =  WD2 

where  W  is  lumen  seconds  per  square  foot 
when  measured  with  an  integrating  light 
meter  on  the  reflector  axis,  and  D  is  the 
distance  in  feet  that  is  at  least  twelve 
times  the  reflector  diameter.  Thus  a  flash 
unit  producing  84  lumen  seconds  per 
square  foot  having  a  5-in.  reflector  at  5  ft. 
(5  in.  X  12 -r- 12  in.)  would  have  2100 
BCPS. 

Exposure  Data.  A  satisfactory  exposure 
guide  may  be  obtained  from  the  graph 
shown  in  Fig.  2.15.  As  an  example,  the 
dotted  lines  on  the  chart  show  one  deter 
mination  of  exposure.  The  unit  to  be 
used  is  designed  to  place  2100  volts  across 
the  tube,  and  this  is  spotted  by  placing  the 
point  of  a  pencil  at  the  proper  point  on  the 
voltage  scale.  The  capacitance  for  the 
equipment  being  used  is  33  microfarads,  so 


the  pencil  is  moved  vertically  upward 
from  the  voltage  scale  until  the  33-micro- 
farad  line  is  reached.  (Since  there  is  no 
line  for  33,  its  position  must  be  estimated 
as  just  past  the  30-microfarad  line.)  Mov 
ing  the  pencil  horizontally  across  the 
paper,  the  watt-seconds  scale  is  passed  and 
it  is  found  that  the  rating  of  the  unit  is 
approximately  72  watt-seconds.  The  pen 
cil  continues  to  move  horizontally  until 
it  reaches  a  film  speed  range  of  from  40 
to  64,  since  a  medium  speed  film  with  an 
American  Standard  index  of  40  to  64  is 
being  used.  From  this  point,  the  pencil 
line  should  be  dropped  vertically  to  the 
guide  number  scale,  and  a  guide  number 
of  about  65  read. 

It  is  obvious  that  any  such  means  of 
computing  exposure  is  an  approximation. 
When  exposure  is  critical,  as  in  the  case  of 
color  photography,  or  when  a  number  of 
lights  are  used  at  various  distances,  some 
other  means  of  calculating  exposure 
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should  be  used.  Ordinary  exposure  meters 
of  the  photoelectric  type  cannot  be  used, 
since  they  are  designed  for  measuring  the 
intensity  of  a  continuous  light  source.  The 
Thomas  Instrument  Company  and  Ameri 
can  Speedlight  Corporation  currently 
manufacture,  or  distribute,  meters  espe 
cially  for  use  with  electronic  flash  (Fig. 
2.16).  In  operation,  the  meter  gives  a 
reading  of  the  integrated  incident  light 
on  a  phototube.  Light  entering  the  aper 
ture  on  the  front  of  the  meter  strikes  the 
phototube  and  produces  current  propor 
tional  to  light.  This  current  is  integrated 
against  time  in  a  capacitor  giving  a  volt 
age  proportional  to  the  exposure  or  quan 
tity  of  light  received.  The  Thomas  meter 
indicates  the  lens  aperture  directly  on  the 
meter  scale.  The  American  Speedlight 
Corporation  (Ascor)  meter  indicates  an 
effective  index  that  must  be  cross-refer 
enced  on  a  chart  with  the  ASA  film  ex 
posure  index  to  obtain  the  lens  aperture. 
In  addition,  the  effective  index  can  be 
converted  to  lumen  seconds  per  square 
foot  by  dividing  meter  reading  into  400. 
This  number  is  then  used  to  calculate  the 
BCPS  of  the  unit  as  described  previously. 
Other  Applications.  Due  to  the  variety 
of  requirements  of  the  industrial,  com 
mercial,  and  amateur  photographer,  elec 
tronic  flash  units  vary  in  size  and  circuit. 
In  the  darkroom  the  unit  has  found  ap 
plication  in  a  sensitometer,  an  enlarger 
light  source,  and  in  the  reproduction  of 


color  transparencies.  In  the  graphic  arts 
field,  the  American  Speedlight  Corporation 
provides  the  Ascorlux,  which  is  a  pulsed 
arc  (120  per  sec.)  giving  the  illusion  of 
a  continuous  light  source,  highly  intense 
in  the  blue  and  ultraviolet  regions.  A 
slight  variation  patented  by  Wuerfel  in 
1942,11  similar  to  the  Polaroid  Wink  Light, 
uses  a  conventional  tungsten  electric  bulb 
that  is  flashed  many  times  by  the  discharge 
from  an  electrolytic  capacitor.  Aside 
from  photography,  applications  are  found 
in  missile  tracking,  airport  landing  ap 
proach  systems,  and  scientific  studies. 

The  fifteen  years  prior  to  1960  have 
shown  great  technical  progress  and  in 
creased  use  of  electronic  flash  illumination. 
In  the  future  we  may  look  forward  to 
longer  lasting  batteries  using  radio-active 
materials  or  a  quickly  activated  fuel  cell. 
Capacitors  may  be  developed  to  deliver 
more  energy  with  less  weight  and  bulk. 
Flash  tubes  may  produce  more  light  from 
less  power. 
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Chapter  3 
PHOTOGRAPHIC  FILTERS 


The  response  of  a  photographic  material 
to  radiant  energy  is  partially  determined 
by  the  spectral  sensitivity  of  the  material 
and  the  spectral  emission  of  the  light 
source.  A  change  in  either  will  alter  this 
response.  The  spectral  emission  of  the 
light  source  can  be  changed  by  the  use  of 
photographic  niters  which  remove  by  ab 
sorption  such  electromagnetic  waves  as 
ultraviolet,  light,  infrared,  etc.  This  ab 
sorption  can  be  selective  or  nonselective 
and  can  occur  when  such  radiations  are 
either  transmitted  through  a  filter  or  re 
flected  from  a  filter  surface. 

Figure  3.1  describes  the  selective  ab 
sorption  of  a  K2  type  yellow  filter  and 
the  nonselective  absorption  of  a  0.3  neutral 
density  filter.  The  filter  data  are  plotted 
in  terms  of  density  or  transmittance  versus 
wave  length.  (In  the  case  of  reflection 
it  would  be  plotted  as  density  or  reflect 
ance  versus  wave  length.)  Density  is  an 
expression  of  the  amount  of  absorption, 
whereas  transmittance  (and  reflectance) 
is  an  expression  of  the  amount  of  non- 
absorption.  It  is  usually  more  convenient 
to  express  absorption  in  terms  of  density 
because  density  is  a  log  value  (D  =  —  log 
T).  In  Fig.  3.1  it  is  seen  that  the  K2 
filter  has  a  low  density  for  the  red  and 
green  light  region  but  a  rapidly  rising 
density  in  the  blue  light  region.  It  there 
fore  absorbs  little  red  or  green  light  but 
absorbs  nearly  all  of  the  blue  light.  This 
filter  is  often  used  in  photographic  situa 
tions  where  there  is  excess  blue  light  that 
must  be  absorbed  in  order  to  make  an  ef 
fective  picture.  Its  most  common  use  is 
for  darkening  blue  skies  for  pictorial  ef 


fects.  By  absorbing  the  blue  sky  light,  the 
filter  causes  the  sky  tone  to  be  very  light 
in  the  negative,  and  hence  darker  in  the 
print,  thus  enhancing  the  tonal  differences 
between  sky  and  clouds.  The  neutral  den 
sity  filter,  which  is  nearly  nonselective  (all 
neutral  density  filters,  partly  because  of 
their  gelatin  support,  absorb  a  minor 
amount  of  blue  light  and  a  considerable 
amount  of  ultraviolet),  serves  to  reduce 
the  overall  amount  of  light  reaching  the 
film.  This  is  often  used  to  reduce  exposure 
when  no  other  means  are  available.  An 
addition  of  a  0.3  neutral  density  filter  re 
duces  the  exposure  by  a  factor  of  two 
(1  stop). 

Mechanism  of  Absorption.  The  concept 
of  "  resonance "  is  used  to  explain  the 
absorption  of  electromagnetic  radiation 
(measured  as  wave  length  or  frequency) 
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FIG.  3.1.     Absorption     characteristics    of    two 
types  of  filters. 
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by  a  filter.  For  example,  radio  waves  are 
set  into  motion  from  a  transmitting  an 
tenna.  The  antenna  of  a  radio  is  continu 
ally  receiving  a  variety  of  radio  waves  of 
different .  lengths  (frequencies) .  Tuning 
a  radio  amounts  to  making  a  small  change 
in  the  balance  of  the  components  of  the 
set  so  that  it  is  responsive  to  only  a  very 
narrow  wave  band;  the  radio  is  then  ca 
pable  of  absorbing  only  that  wave  band  or 
frequency  band. 

In  light,  the  absorbing  structures  are 
the  molecules  of  the  dye  (colorant).  These 
molecules  have  certain  natural  frequencies 
of  response  and,  therefore,  out  of  all  the 
wave  lengths  of  light  received,  each  mole 
cule  selects  only  certain  waves  to  which 
to  respond  and  to  absorb.  Just  as  a  small 
change  in  a  radio  set  causes  it  to  absorb 
radio  waves  differently,  so  a  small  change 
in  the  molecular  structure  of  a  colorant 
causes  it  to  absorb  light  waves  differently. 
This  is  what  happens  when  a  material 
bleaches  or  fades.  The  chemical  change  is 
usually  the  addition  of  a  single  atom  of 
oxygen  to  a  molecule  which  may  contain 
dozens  or  hundreds  of  atoms.  The  addi 
tion  of  this  single  atom  changes  the  absorp 
tion  characteristics  of  the  molecule.  Dye 
chemists  utilize  the  concept  of  resonance 
to  construct  molecules  which  have  the 
structure  appropriate  to  the  absorption 
characteristics  desired.  Thus,  we  have  a 
great  variety  of  colorants  which  can  be 
incorporated  in  some  type  of  support  to 
provide  many  different  types  of  photo 
graphic  filters. 

Filter  Nomenclature.  Most  suppliers  of 
photographic  filters  give  rather  arbitrary 
numerical  or  letter  designations  to  filters. 
There  are,  however,  two  kinds  of  filter 
designations  which  are  meaningful  and 
useful.  Color  correction  filters  are  speci 
fied  by  a  code  which  indicates  the  hue  of 
the  filter  (red,  green,  yellow,  etc.)  and 
its  absorption  characteristics.  For  ex 


ample,  CC50R  specifies  a  red  filter  (blue 
and  green  absorbing)  with  a  density  of 
approximately  0.5  for  blue  and  green 
light.  Color  balancing  filters  are  often 
specified  in  terms  of  mired  values.  Mireds 
(which,  as  stated  previously,  is  a  contrac 
tion  of  the  phrase  micro-reciprocal  de 
grees)  is  related  to  color  temperature  in 
the  following  manner :  the  mired  value  for 
a  light  source  is  calculated  by  taking  the 
reciprocal  of  the  color  temperature  and 
multiplying  this  number  by  one  million. 
For  example,  a  color  temperature  of 
5000°K.  would  have  a  mired  value  equal 
to  1/5000 °K.  X  10s,  or  200.  (To  express 
this  in  decamireds  simply  divide  200 
mireds  by  10.  The  value  becomes  20 
decamireds.) 

This  system  is  useful  because  color  tem 
perature  changes  produced  by  color  bal 
ancing  filters  vary  with  the  color  temper 
ature  of  the  light  with  which  the  filters 
are  used.  The  mired  value  of  the  filter, 
meaning  the  change  in  mireds  it  produces, 
is,  on  the  other  hand,  practically  independ- 
dent  of  the  light  source. 

As  an  illustration,  the  mired  value  of 
the  color  balancing  filter  required  to 
change  a  color  temperature  from  3800°K. 
to  3200°K.  is  determined  as  follows  : 

3800°K.  =  1/3800°K.  X  106,  or  262  mireds 
3200°K.  =  1/3200°K.  X  106,  or  312  mireds 

The  difference  (312  -  262)  is  50,  the  re 
quired  mired  shift  value  for  the  filter. 
Since  the  color  temperature  is  decreased 
(mired  value  increased)  a  yellowish  filter 
is  used.  To  increase  the  color  temperature 
from  3200°  to  3800°K.  (mired  value  de 
crease)  requires  a  bluish  filter.  The  mired 
value  would  be  the  same  but  the  sign 
would  be  negative,  i.e.,  —  50. 

If  there  are  no  filters  having  the  specific 
mired  value  calculated,  select  that  filter 
which  has  a  mired  value  that  is  closest  to 
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the  calculated  value  or  use  a  combination 
of  filters.  Although  this  is  not  desirable 
it  can  be  done  by  algebraically  adding  the 
mired  shift  values.  This  may  not  be  suf 
ficient  for  critical  work,  particularly  if 
combinations  of  filters  are  used.  In  such 
a  case  a  practical  photographic  test  should 
be  run. 

Band  Width.  An  important  character 
istic  of  all  filters  is  the  band  width.  This 
relates  to  the  range  of  the  various  wave 
lengths  which  are  not  absorbed  signifi 
cantly.  It  is  an  index  of  the  ability  of  a 
filter  to  isolate  regions  of  the  electromag 
netic  spectrum.  Figure  3.2  shows  that  the 
band  width  of  a  Wratten  47B  filter  is 
about  52  millimicrons  (m/x).  This  wave 
band  is  measured  from  the  two  points  that 
intersect  the  filter  curve  at  a  0.30  density 
(50%  transmittance)  level  above  minimum 
peak  density. 

Filter  Inefficiency.  There  are  three  ma 
jor  sources  of  filter  inefficiency: 

1.  Loss  of  light  by  surface  reflections. 
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FIG.  3.2.     Wave  band  determination  for  a  47B 
filter. 


-YELLOW  FILTER 

SECOND  SURFACE 
REFLECTS  RED  AND 
GREEN  (SELECTIVE) 


RED  AND  GREEN 
LIGHT  SLIGHTLY 
•G    ATTENUATED 


FIRST  SURFACE 
REFLECTS  RED 
GREEN  AND  BLUE 
LIGHT  (NONSELECTIVE) 

FIG.  3.3.    A    yellow    filter    showing    first    and 

second  surface  reflections,  blue  light  absorption 

and  red  and  green  light  transmittance. 

2.  Absorption  in  regions  where  ideally 
there  should  by  no  absorption. 

3.  Nonabsorption  in  regions  where  there 
should  be  absorption. 

The  47B  filter  represented  in  Fig.  3.2, 
for  example,  has  a  minimum  peak  density 
of  0.3.  This  means  that  it  is  absorbing 
50%  of  the  light  in  this  region.  Ideally, 
it  should  absorb  none.  In  addition,  it  al 
lows  some  ultraviolet  radiation  to  pass. 
Ideally,  it  should  not.  Further  examples 
of  different  degrees  of  inefficiency  due  to 
unwanted  absorptions  at  minimum  peak 
density  are  color  compensating  filters 
which  absorb  about  10%  of  the  light  in 
that  region,  a  95  (blue)  filter  with  92% 
unwanted  absorption,  and  probably  the 
most  notorious,  the  54  (green)  which  ab 
sorbs  about  99%  of  the  light  it  should, 
ideally,  pass.  Such  inefficiencies  are  un 
fortunate,  but  are  necessary  to  obtain  fil 
ters  with  the  various  types  of  spectral 
characteristics  needed. 

Optical  Considerations.  When  radiant 
energy  is  incident  upon  a  filter  it  is  in 
part  reflected,  absorbed,  and  transmitted. 
The  total  amount  of  light  striking  a  filter 
is  equal  to  the  sum  of  the  light  reflected, 
absorbed,  and  transmitted.  This  relation 
ship,  shown  in  Fig.  3.3,  is  sometimes  re 
ferred  to  as  the  RAT  formula. 

Every  filter  reduces  the  amount  of  light 
in  two  distinct  ways:  (1)  Selectively  by 
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PIG.  3.4.     Light  lost  by  first  surface  reflections  is  a  function  of  the  angle  of 
incidence  and  the  number  of  surfaces. 


absorption.  This  depends  on  the  particu 
lar  dye  incorporated  in  the  filter.  The 
yellow  filter  in  Fig.  3.3  absorbs  blue  light. 
(2)  Nonselectively  by  surface  reflections. 
Again,  in  Fig.  3.3,  the  red,  green  and  blue 
light  (white  light)  is  reduced  by  reflec 
tions  from  the  first  surface.  The  red  and 
green  light  (yellow)  is  reduced  further 
by  second  surface  reflections. 

Each  uncoated  surface  of  any  filter  re 
flects  about  4%  or  more  of  all  light  falling 
upon  it,  regardless  of  wave  length.  This 
reflection  is  independent  of  the  construc 
tion  of  the  filter  or  the  particular  dye  that 
it  contains.  (Coating  a  filter  surface  in 
the  same  manner  in  which  a  lens  is  coated 
can  reduce  the  surface  reflection  to  about 
1%.)  Every  filter  has  two  surfaces. 
Therefore,  when  several  filters  are  used, 
much  of  the  light  will  be  reflected.  This 
is  one  of  the  reasons  why  one  should  al 
ways  work  with  a  minimum  number  of 


filters.  Surface  reflections  from  a  filter 
are  an  undesirable  property  because  they 
reduce  the  overall  amount  of  light  reach 
ing  the  film  and  contribute  flare  light  to 
the  image  formed  in  the  camera.  The 
overall  reduction  of  light  requires  in 
creased  exposure.  Flare  light  in  the  cam 
era  decreases  the  tonal  differences  (con 
trast),  particularly  in  the  shadow  area  of 
the  scene  and  so  produces  a  loss  of  detail 
in  that  area.  Flare  light  in  an  enlarger 
decreases  contrast  in  the  highlight  area  of 
the  print.  This  is  why  in  color  printing 
the  fewest  combinations  of  color  compen 
sating  filters  are  recommended.  The 
greater  the  number  of  filters,  the  more 
adverse  the  effect.  Fig.  3.4  shows  the 
effect  of  combining  two  or  three  filters. 
If  the  filters  are  cemented  then  the  effect 
will  be  similar  to  the  one-filter  curve,  since 
cementing  the  filters  reduces  the  number 
of  reflecting  surfaces  to  two.  Note  that  as 
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the  angle  of  incidence  increases  the  light 
loss  due  to  surface  reflections  becomes  in 
creasingly  more  severe. 

Sensitometric  Effect  of  Filters.  In  gen 
eral,  whenever  a  black-and-white  photo 
graphic  material  is  exposed  through  a 
moderately  dense  colored  filter,  several 
changes  take  place  in  the  response  of  the 
material,  brought  about  by  the  change  in 
the  spectral  characteristics  of  light. 

First,  the  response  of  the  film  will  be 
less  since  the  light  reaching  the  film  has 
been  reduced.  There  will  also  be  a  con 
trast  change  if  no  compensating  change  is 
made  in  the  development  of  the  negative. 
For  most  emulsions,  the  contrast  will  be 
less  than  normal  if  the  material  is  exposed 
with  a  blue  filter,  and  more  than  normal 
if  exposed  with  a  red  filter.  A  yellow 
filter  usually  gives  a  slight  increase  in 
contrast  because  the  blue  light  is  absorbed 
by  such  a  filter  (Fig.  3.5).  There  may 
also  be  changes  in  the  tone  reproduction 
characteristics  of  the  film,  especially  for 
shadow  areas,  if  they  are  located  on  the 
toe  of  the  characteristic  curve. 

Filter  Factors.  A  filter  factor  is  a  mul 
tiplier  to  be  applied  to  the  camera  setting 
to  compensate  for  the  loss  of  light  when  a 
filter  is  used.  The  intent  is  that  the  neu 
tral  tones  (blacks,  grays,  whites)  of  the 
subject  will  be  reproduced  in  the  same 
way  on  the  negative  made  with  the  filter 
as  on  a  negative  made  without  the  filter. 
Some  of  the  nonneutral  tones  will,  of 
course,  be  changed  and  this  is  the  reason 
for  using  a  filter. 

The  value  of  the  filter  factor  is  depend 
ent  on  the  light  source,  film  sensitivity, 
filter  density,  and  absorption  characteris 
tic  of  the  filter.  Development  of  the  nega 
tive  has  a  slight  effect.  In  addition,  since 
the  contrast  of  the  negative  is  often 

EVANS,  An  Introduction  to  Color,  John  Wiley 
and  Sons,  Inc.,  New  York,  1948,  pp.  58-61. 
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FIG.  3.5.     Filter  factor  determination  based  on 
a  density  of  0.8. 

changed  when  a  filter  is  used,  all  the  neu 
tral  tones  cannot  possibly  be  the  same  in 
the  filter  negative  as  in  the  no-filter  nega 
tive,  if  processing  is  the  same. 

Published  filter  factors,  therefore,  are 
estimates  only.  They  cannot  possibly  ap 
ply  to  all  situations.  They  are  usually 
based  on  the  match  of  a  middle  gray  tone. 
Figure  3.5  shows  how  the  filter  factor  for 
the  material  represented  (based  on  match 
ing  a  density  of  0.8  in  the  negative)  can  be 
calculated  from  sensitometric  curves  of  the 
material  exposed  without  a  filter  and  with 
a  filter.  The  filter  factor  was  determined 
in  this  manner:  with  no  filter  the  relative 
log  E  required  to  produce  a  density  of 
0.8  is  1.6 ;  with  a  K2  type  filter  a  relative 
log  E  of  1.9  is  required.  The  log  E  differ 
ence  required  is  an  additional  0.3.  The 
antilog  of  this  is  2 ;  therefore,  the  exposure 
has  to  be  increased  by  a  factor  of  two.  It 
can  be  seen  that  the  filter  factor  would 
be  different  if  a  higher  or  lower  level  of 
density  had  been  chosen. 

Filter  Construction.  All  filters  consist 
of  two  basic  parts,  a  dye  which  determines 
the  spectral  characteristics  of  the  filter 
and  a  support  for  the  dye.  Filters  are 
very  often  referred  to  according  to  the  dye 

JONES,    Photographic    Sensitometry,    Eastman 

Kodak  Co.,  Kochester,  New  York,  1936. 
TUPPER,  Photo-Technique  2,  32    (May  1940). 
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TABLE   3.1.      ADVANTAGES   AND    DISADVANTAGES   OF   VAEIOUS   TYPES    OF   FILTER   SUPPORTS1 


Filter  Support 

Advantages 

Disadvantages 

Gelatin 

Very  thin;  no  significant  effect  on 
focusing  regardless  of  where  it  is 
placed  ;  excellent  optical  qualities 

Requires  careful  handling;  difficult  to  clean;  has 
limited  re-use 

Cemented 
gelatin  in 
optical  glass 

Easier  to  handle  ;  can  be  cleaned 

Increases  the  thickness  of  the  gelatin  filter;  has 
more  of  an  effect  on  focusing  than  gelatin  alone  ; 
has  tendency  to  come  apart  if  not  properly 
handled 

Solid  glass 

Easy  to  handle  ;  can  be  cleaned  ;  good 
stability  (fading  quality)  ;  no  possi 
bility  of  separation 

Difficult  to  control  the  spectral  absorption  during 
manufacturing;  thickness  can  present  focusing 
problem 

Plastic 

Inexpensive;  quite  adequate  for  use 
in  nonimage  forming  areas 

Poor  optical  qualities  due  to  surface  striations 

Liquid 

Can  obtain  very  precise  spectral  ab 
sorption  qualities 

Thick,  bulky,  messy 

1  Todd  and  Zakia,  Modern  Photography,  p.  85  (July  1961). 


they  contain  (i.e.,  K2,  47B,  CC50M)  or 
the  support  which  holds  the  dye  (i.e., 
gelatin,  glass,  plastic,  liquid).  Filters  can 
be  made  in  almost  any  size  or  shape 
needed.  They  are,  however,  usually  circu 
lar  or  square.  The  medium  in  which  the 
dye  is  supported  plays  an  important  role 
in  the  absorption  and  optical  character 
istics  of  the  filter.  For  optimum  optical 
quality  the  gelatin  filter  surpasses  all  oth 
ers,  including  the  best  quality  glass  filters. 
It  is  also  the  least  expensive.  Gelatin  fil 
ters  cemented  between  glass  and  solid  glass 
filters  should  be  made  from  glass  of  high 
optical  quality  and  flatness.  The  flatness  is 
obtained  through  expensive  polishing. 
(Never  attempt  to  cement  a  gelatin  filter 
between  two  pieces  of  lantern  slide  glass. 
Such  glass  is  not  much  better  than  plain 
window  glass.)  Plastic  filters  vary  con 
siderably  in  their  flatness.  This  is  what 
presently  prohibits  their  use  in  image 
forming  areas.  Plastic  filters,  such  as  the 
acetate  variety,  are  adequate  when  used  as 


safe-light  filters  or  between  light  source 
and  negative  in  a  printing  system.  Table 
3.1  is  a  brief  comparison  of  the  advantages 
and  disadvantages  of  the  various  types  of 
filter  supports. 

Filter  Thickness.  Thickness  is  no  prob 
lem  with  gelatin  filters.  They  are  about 
0.1  millimeter  thick.  With  cement  be 
tween  glass  gelatin  filters  and  glass  filters 
the  thickness  runs  about  2  to  5  mm.  or 
more,  and  this  can  present  a  focusing  prob 
lem.  When  a  near  object  is  photographed 
it  is  easy  to  show  how  a  thick  filter  changes 
the  effective  focal  length  of  the  lens  (see 
Fig.  3.6).  For  a  filter  having  an  index  of 
refraction  of  about  1.5  the  displacement 
is  approximately  -J  the  filter  thickness.2 
The  displacement  is  less  obvious  when  a 
distant  object  is  photographed  because 
nearly  parallel  rays  of  light  are  striking 
the  filter.  In  each  case,  however,  the  rays 


2  Kingslake,    Lenses    in    Photography,    Garden 
City  Books,  New  York,  1951,  p.  139. 
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FIG.  3.6.     The  displacement  of  the  image  is  about  J  the  filter  thickness. 


of  light  have  been  altered.  This  is  always 
true  when  a  filter  is  placed  into  an  optical 
system. 

Filter  Combinations.  It  is  sometimes 
necessary  to  combine  two  or  more  filters 
in  order  to  obtain  the  spectral  absorption 
characteristics  desired.  This  is  best  done 
by  properly  cementing  the  filters  together. 
The  effect  of  combining  filters  can  be  easily 
calculated  by  adding,  wave  length  by  wave 
length,  the  densities  of  each  filter.  (This 
is  based  on  the  fact  that  the  spectral  den 
sity  is  proportional  to  the  number  of 
absorbing  molecules.  Increasing  the  thick 
ness  by  combining  filters  increases  the 
number  of  absorbing  molecules.  This  is 
sometimes  referred  to  as  Bouguer's  Law.) 
Fig.  3.7  shows  the  effect  of  adding  two  and 
three  filters.  Note  the  following  changes : 

(a)  The  waveband  has  become  narrower. 

(b)  The  minimum  peak  density  has  in 
creased. 

Note  further  that  with  a  combination  of 
three  filters  nearly  all  of  the  ultraviolet  is 
absorbed. 

Care  of  Dye  Filters.  Filters  should  be 
handled  with  the  same  care  with  which 


lenses  are  handled.  In  addition,  it  is 
necessary  to  keep  them  away  from  ex 
cessive  heat,  humidity,  and  light  (or  any 
other  radiation).  They  should  be  treated 
as  fine  color  transparencies  are  treated, 
since  both  gelatin  type  filters  and  color 
transparencies  (and  prints)  are  made  up 
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of  organic  dyes  which  deteriorate  with 
time.  It  is  best  to  store  them  in  a  cool, 
dry,  dark  place.  The  stability  of  each 
filter  varies  with  the  particular  dye  it 
contains  and  the  manner  in  which  it  is 
used  and  stored.  Some  filter  manufac 
turers  provide  data  concerning  the  stabil 
ity  of  each  filter  under  various  conditions 
of  testing.3  For  critical  work  it  would 
be  advantageous  to  photographically  test 
each  filter  before  using  it,  even  if  it  is 
newly  purchased. 

Check  each  filter  for  cleanliness  just 
prior  to  use.  If  it  needs  cleaning  follow 
this  procedure:  (1)  Use  a' soft  brush  to 
lightly  brush  away  dust  and  grit.  (2) 
Wipe  the  surface  carefully  and  gently 
with  a  lens  cleaning  tissue  or  with  a  soft, 
clean,  liatless  cloth.  (3)  If  it  is  necessary 
to  use  moisture  in  conjunction  with  (2), 
breathe  on  the  surface  or  use  a  good  lens 
cleaner.  (Be  careful  in  using  such  clean 
ers  because,  if  the  filter  is  cemented,  they 
can  act  as  solvents  for  the  cement  and 
thereby  cause  the  filter  to  separate.) 

Polarizing'  Filters.  Light  waves,  like 
other  electromagnetic  radiations,  consist 
of  transverse  waves  which  vibrate  in  many 
planes  at  right  angles  to  their  direction 
of  propagation.  (To  picture  this,  imagine 
that  you  are  holding  your  arm  straight  out 
and  that  on  the  end  of  it  a  bicycle  wheel  is 
centered.  The  spokes  of  the  wheel  are  the 
many  planes  that  are  at  right  angles  to 
your  arm,  the  direction  of  propagation.) 
Light  waves  vibrating  in  a  single  plane  are 
said  to  be  polarized.  It  is  this  property 
of  light  that  serves  as  the  basis  for  de 
scribing  the  action  of  polarizing  filters. 
Such  filters  have  the  ability  to  transmit 
transverse  waves  vibrating  in  only  one 
plane,  the  remaining  vibrations  being  par 
tially  or  completely  absorbed. 

s  W ratten  Filters,  Eastman  Kodak  Co.,  Roch 
ester,  New  York,  1960. 
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Not  all  light  is  polarized.  Light  re 
flected  from  that  area  of  a  clear  blue  sky 
which  is  at  right  angles  to  the  sun  is  par 
tially  polarized  and  can  be  attenuated  by 
a  polarizing  filter,  as  can  some  reflections 
from  nonmetallic  surfaces.  The  amount 
of  polarization  is  a  function  of  the  angle 
at  which  light  is  incident  upon  the  surface, 
maximum  polarization  for  many  surfaces 
occurring  when  the  angle  of  incidence  is 
between  about  30°  and  40°.4  Therefore, 
polarizing  filters  can  reduce  unwanted  re 
flections  (glare)  and  thereby  provide  a 
means  for  making  better  pictures. 

If  two  polarizing  filters  are  used  in  con 
junction  with  each  other  they  can  act 
as  a  neutral  density  filter  of  varying  ab 
sorption.  If  the  optical  axis  of  one  filter 
is  rotated  so  that  the  angle  between  the 
optical  axes  of  both  is  zero,  a  minimum 
amount  of  light  will  be  absorbed.  Con 
versely,  if  the  angle  is  90°,  a  maximum 
amount  of  light  will  be  absorbed.  Inter 
mediate  angles  will  result  in  intermediate 
amounts  of  absorption. 

Interference  Filters  and  Dichroic  Mir 
rors.  When  light  is  reflected  from  two 
surfaces  spaced  a  very  small  distance 
apart,  a  portion  of  the  reflected  light  will 
be  canceled  where  two  light  waves,  one 
reflected  from  each  surface,  happen  to 
meet  in  such  a  way  that  the  waves  are 
out  of  phase.  The  condition  required  for 
this  destructive  interference  is  that  one 
of  the  waves  shall  have  traveled  a  greater 
distance  than  the  other.  This  path  differ 
ence  must  be  optically  equal  to  an  odd 
number  of  half-wave  lengths  of  the  light 
to  be  canceled.  The  colors  seen  in  soap 

^Henney  and  Dudley,  Handbook  of  Photog 
raphy,  McGraw-Hill  Book  Co.,  Inc.,  New  York, 
1939,  p.  305.  Jenkins  and  White,  Fundamentals 
of  Optics,  McGraw-Hill  Book  Co.,  Inc.,  New  York, 
1957,  pp.  488-490.  McFarlane,  Demonstration  of 
Photography  by  Polarized  Light,  J.  Soc.  Mot. 
Pict.  Eng.  26,  679  (1936). 
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bubbles  and  in  oil  films  are  caused  by  this 
phenomenon. 

Filters  constructed  on  this  principle 
have  several  characteristics  which  distin 
guish  them  from  ordinary  dye  filters: 

1.  They  can  possess  very  narrow  wave 
bands.     The  band-pass  width  is  often  a 
few  millimicrons,  and  may  be  considerably 
less,  down  to  0.1  millimicron  (m/ji). 

2.  The   maximum   transmission   is   low, 
often  only  a  few  per  cent. 

3.  The  rejection  of  the  filter,  which  is 
measured  by  its  absorptance  for  spectral 
regions  outside  of  its  band  pass,  may  be 
high. 

4.  The  transmitted  light  varies  in  color 
with  the  angle  at  which  light  strikes  the 
filter.      This    is    caused    by    an    effective 
change  in  the  thickness  of  the  layer  re 
sponsible  for  the  interference  effect. 

Several  types  of  interference  filters  have 
been  constructed.  The  Fabry-Perot  type 
consists  of  two,  thin,  semitransparent  sil 
ver  layers  separated  by  the  appropriate 
thickness  of  magnesium  fluoride,  a  sub 
stance  often  used  for  lens  coatings.  The 
required  thickness  of  magnesium  fluoride 
is  optically  equal  to  a  multiple  of  half  the 
wave  length  of  the  light  which  the  filter 
is  to  transmit.  The  transmittance  of  this 
type  of  filter  is  approximately  45%  at 
peak.  The  transmittance  band  width 
varies  with  the  wave  length  for  which 
the  filter  is  designed.  It  is  approximately 
10  to  20  mp.  for  the  green  region  of  the 
spectrum.  Such  filters  are  sometimes  used 
for  abridged  spectrophotometers  and  for 
color  densitometers  where  the  isolation  of 
a  narrow  band  of  wave  lengths  is  essen 
tial.5  A  wedge  filter  of  this  type  in  which 

s  Powers,  /.   Opt.   Soc.  Amer.   43,   332    (April 
1953). 


the  magnesium  fluoride  layer  changes 
gradually  in  thickness,  is  useful  as  a 
simple  spectroscope. 

Dichroic  mirrors6  are  made  by  placing, 
on  a  glass  support,  alternate  coatings  of 
materials  having  high  and  low  indexes  of 
refraction.  Zinc  sulfide  (n  =  2.4)  may  be 
used  for  the  high-index  material,  and  mag 
nesium  fluoride  (n  =  1.4)  for  the  low- 
index  material.  The  coatings  are  evapo 
rated  onto  the  glass  in  a  manner  similar 
to  that  used  for  lens  coatings.  The  layers 
are  one-quarter  wave  length  in  thickness, 
and  from  four  to  fifteen  are  used,  the 
quality  generally  increasing  with  the  num 
ber  of  layers.  Dichroic  mirrors  are  made 
to  have  a  very  high  reflectance  (more  than 
90%)  for  a  broad  spectral  region,  and  a 
high  transmittance  (over  98%)  for  the 
remainder  of  the  spectrum.  The  absorp 
tance  of  these  mirrors  is  insignificant. 
They  offer  many  technical  advantages  over 
the  pellicle  mirror  and  filter  system  used 
in  one-shot  color  cameras  and  for  color 
television  because  of  the  high  efficiency  of 
light  utilization.  Mirrors  for  motion  pic 
ture  projectors  can,  by  this  method,  have 
high  reflectance  for  light,  but  transmit 
infrared  freely,  thus  avoiding  overheating 
the  film.7 

By  replacing  the  silver  layers  in  the 
conventional  interference  filter  with  sev 
eral  coatings,  as  in  a  dichroic  mirror,  a 
filter  can  be  made  having  an  80%  peak 
transmittance,  with  a  width  at  half -peak  of 
less  than  10  m/*.8 

6  Scliroeder  and  Turner,  J.  Soc.  Mot.  Pict.  and 
Tel.  Eng.  61,  628-633  (November  1953). 

^Widdop  and  Dimmiek,  J.  Soc.  Mot.  Pict.  and 
Tel.  Eng.  58,  36-42  (January  1952). 

s  Polster,  /.  Opt.  Soc.  Amer.  42,  21-4  (January 
1952).  Semat,  Fundamentals  of  Physics.  Bine- 
hart  and  Co.,  Inc.,  New  York,  1958,  pp.  722-730, 
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Light  as  a  Wave  Motion,  In  Chapter  2 
the  two  basic  concepts  of  the  propagation 
of  light  energy  were  discussed,  namely, 
that  light  may  be  considered  as  either 
wave  motion  or  corpuscular  in  nature,  de 
pending  upon  the  physical  phenomena  to 
be  explained.  The  phenomena  of  geo 
metrical  optics  are  best  explained  by  con 
sidering  light  as  a  wave  motion. 

The  propagation  of  a  transverse  wave 
requires  that  there  be  an  elastic  medium 
to  support  the  wave.  Any  substance 
which  transmits  energy  of  a  given  wave 
length  must  then  have  an  elastic  response 
to  that  wave  length  when  the  energy  is  in 
cident  upon  it.  In  any  practical  consid 
eration  it  must  be  noted  that  a  transverse 
wave  represents  a  three-dimensional  con 
figuration,  and  not  merely  an  undulating 
line  of  energy.  The  direction  of  propaga 
tion  of  wave  motion  continues  undeviated 
in  a  homogeneous  medium. 

A  surface  on  which  all  points  are  in 
the  same  phase  of  wave  motion  is  called 
a  wave  front.  A  wave  front  will  be  plane 
if  the  wave  motion  is  generated  by  a  plane 
surface.  Wave  motion  generated  by  a 
point  produces  spherical  wave  fronts,  all 
of  which  will  be  concentric  about  the  point 
source.  A  wave  front  is  at  all  points  nor 
mal  to  the  direction  of  propagation  and 
equidistant  from  the  source. 

Diffraction.  According  to  the  principle 
proposed  by  Huygens  in  the  seventeenth 
century,  each  point  on  a  wave  front  may 
be  considered  as  a  source  of  new  waves. 
These  new  waves,  or  wavelets,  are  propa 
gated  in  all  directions  from  each  point, 
and  any  envelope  of  these  wavelets  repre 


sents  a  different  wave  front,  as  illustrated 
in  Fig.  4.1. 

Huygens'  principle  was  developed  fur 
ther  by  Fresnel  and  Fraunhofer  to  explain 
the  phenomenon  of  diffraction,  which  may 
be  visualized  as  the  spreading  of  light  as 
it  passes  through  a  small  opening.  The 
normal  expectation  is  that  light  travels  in 
straight  lines.  However,  if  a  parallel  beam 
of  light  (i.e.,  a  set  of  plane  waves)  is 
incident  upon  a  small  aperture  in  an 
opaque  surface,  the  illumination  on  the 
far  side  of  the  aperture  is  not  limited  to 
the  area  of  the  aperture,  but  is  spread  over 
a  larger  area.  The  smaller  the  aperture 
the  greater  the  spreading  of  illumination. 
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FIG.  4.1.     Huygens'  principle  of  the  propaga 
tion  of  light  waves. 

The  opening  acts  as  a  new  light  source.  If 
it  is  small  with  respect  to  the  wave  length 
of  the  incident  light,  it  corresponds  to  a 
point  source,  radiating  energy  equally  in 
all  directions.  Wave  fronts  on  the  right 
of  the  aperture  are  then  spherical.  Now 
let  us  make  the  hole  quite  large — several 
inches  in  diameter.  The  light  passing 
through  the  point  in  the  center  of  the 
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large  hole  is  behaving  in  the  same  manner 
as  it  was  before.  We  have  done  nothing 
to  affect  the  behavior  of  this  light.  How 
ever,  there  are  now  a  myriad  of  other 
points  behaving  exactly  the  same  way  and 
the  effect  we  see  is  that  the  light  appears 
to  pass  straight  through  the  hole. 

The  significance  of  this  phenomenon  in 
photography  lies  in  the  fact  that  the  image 
of  a  point  source  formed  by  even  a  perfect 
lens  is  not  a  point  but  a  small  patch  of 
light  which  is  surrounded  by  rings,  or 
fringes  of  rapidly  decreasing  intensity. 
These  fringes  are  the  result  of  interference 
(alternate  nullification  and  addition  of 
energy  as  the  waves  arrive  at  a  given  point 
either  in  phase  or  out  of  phase)  of  the 
light  diffracted  at  the  lens.  These  fringes 
are  so  faint  that  the  diffraction  image 
is  normally  considered  as  the  diameter  of 
the  central  bright  patch.  For  a  perfect 
lens,  the  larger  the  aperture  the  smaller 
the  diffraction  image  size.  This  condition 
will  be  discussed  in  greater  detail  in  the 
section  on  lens  apertures. 

Light  Rays.  We  have  discussed  light 
waves  and  wave  fronts,  but  in  photo 
graphic  optics  (in  all  considerations  of 
geometric  optics,  for  that  matter,  as  ex 
emplified  by  Conrady's1  treatment  of  the 
subject)  it  is  convenient  to  think  in  terms 
of  light  rays.  A  light  ray  is  defined  as  a 
line  which  represents  the  direction  of 
travel  of  the  energy  and  is,  therefore,  nor 
mal  to  all  wave  fronts  along  its  path.  In 
a  homogeneous  medium  a  light  ray  is  a 
straight  line.  The  geometrical  treatment 
of  light  rays  and  the  effect  of  lenses  upon 
them  ignore  the  existence  of  diffraction, 
which  is  a  function  of  the  lens  aperture, 
and  accounts  for  the  fine  structure  of  the 


i  Conrady,  Applied  Optics  and  Optical  Design, 
Part  I,  Oxford  University  Press,  London,  1929. 
Parts  I  and  II,  Dover  Publications,  Inc.,  New 
York,  1957,  1960. 


FIG.  4.2.     Reflection  and  refraction. 

distribution  of  energy  within  the  geomet 
rically  determined  image. 

Refraction  of  Light.  When  a  light  ray 
strikes  a  new  medium  it  may  be  trans 
mitted  or  reflected,  or  both.  If  the  new 
medium  is  elastic  to  the  incident  energy, 
some  of  the  energy  will  be  transmitted; 
but  if  the  elasticity  is  less,  or  the  density 
greater,  than  that  of  the  previous  medium, 
the  light  will  be  slowed  in  the  new  medium. 
When  an  incident  ray  strikes  a  surface, 
as  shown  in  Fig.  4.2,  part  of  the  energy 
will  be  reflected  back  into  the  original 
medium.  The  angle,  ry  of  the  reflected 
ray  to  the  surface  normal  is  equal  to  the 
angle  of  incidence,  i. 

That  part  of  the  energy  which  traverses 
the  interface  into  the  new  medium  is  re 
fracted;  i.e.,  its  direction  is  changed  as 
indicated  by  the  angle  i'.  This  can  be 
shown  by  returning  to  a  consideration  of 
a  wave-front  incident  at  an  angle  upon 
a  smooth  interface  between  two  homo 
geneous  media,  the  second  of  which  has 
the  higher  density.  As  the  left  edge  of 
the  wave  front  shown  in  Fig.  4.3  enters 
the  second  medium,  it  is  slowed,  while  that 
part  still  in  the  first  medium  continues  at 
its  original  rate.  Therefore,  there  is  a 
sharp  break  in  the  wave  front  at  the  inter 
face.  When  the  entire  wave  front  has 
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FIG.  4.3.     Refraction  of  a  wave  front. 

entered  the  second  medium  it  has  changed 
direction  and  is  now  moving  in  the  direc 
tion  t  with  respect  to  the  surface  normal. 
If  one  of  these  media  is  air,  then  the  ratio 
of  the  velocities  of  light  in  the  two  media 
is  called  the  index  of  refraction,  n. 


___       velocity  of  light  in  air 
~~  velocity  of  light  in  medium 


(4.1) 


Optical  Distance.  Since  velocity  =  dis 
tance/time,  or  v  =  d/t,  we  may  rewrite 
the  equation  for  n  in  terms  of  distance 
whereby 


(4.  la) 


for  a  constant  time  tf;  da  represents  the 
distance  traveled  by  a  light  wave  in  air, 
and  dn  is  the  distance  traveled  in  a  me 
dium  of  index  of  refraction  n.  We  may 
then  write 


which  means  merely  that  light  will  travel 
n  times  as  far  in  air  as  in  the  medium  of 
index  n  in  any  given  time.  The  distance 
da  is  called  the  optical  distance  correspond 
ing  to  dn.  Thus,  the  optical  thickness  of 
a  block  of  material  10  units  thick,  of  in 
dex  1.5,  will  be  15  units. 

SnelTs  Law.  Figure  4.4  illustrates  the 
passage  of  a  wave  front  from  a  medium 
of  index  n  into  a  material  of  index  n'. 
The  wave  front  AB  is  incident  upon  the 
interface  at  the  angle  i.  In  the  time  re 
quired  for  the  entire  wave  front  to  tra 


verse  the  interface,  point  B  has  traveled 
the  distance  dn  to  Bf,  while  point  A  has 
traveled  the  distance  dn'  to  A.  The  re 
lationship  between  i  and  i'  and  the  re 
fractive  index,  n,  is  immediately  apparent. 


dn 
ABf 


—  sin  i     and 


AB' 


=  sm  ^' 


Dividing  the  former  equation  by  the  latter, 
we  have 

dn  _  sin  i 
dn        sin  ir 

Combining  this  with  equation    (4. la),  we 
have 


_ 
n 


sm  ^ 


or 


sm  ^ 
n  sin  i  =  n'  sin  i' 


(4.2) 


which  is  the  law  of  refraction.  The  dis 
covery  of  this  law  is  usually  credited  to 
Willebrord  Snell  in  1621.  Consequently 
the  law  of  refraction  is  commonly  referred 
to  as  Snell7s  Law. 

Dispersion.  The  index  of  refraction  of 
any  glass  is  not  constant  for  all  wave 
lengths  of  light,  but  decreases  with  in 
creasing  wave  length.  The  index  of  re 
fraction  of  optical  glasses  is  measured  at 
many  standard  wave  lengths  throughout 
the  visible  spectrum.  These  wave  lengths 
are  the  standard  emission  lines  of  several 
common  elements,  most  of  which  are  illus- 


FIG.  4.4.     Snell's   Law. 
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FIG.  4.5.     Spectral  lines  used  to  measure  refractive  index  of  optical  glasses. 


trated  in  Fig.  4.5.  The  amount  of  varia 
tion  of  refractive  index  with  wave  length 
is  called  the  dispersion  of  the  glass.  The 
dispersive  power  of  a  glass  for  two  wave 
lengths  is  defined  by  the  relationship 

— i-A     For  most  optical  glasses  the 

71  1 

dispersion  from  blue  to  red  light  is  a 
quantity  between  0.015  and  0.040.  Abbe 
found  it  convenient  to  work  in  terms  of 
the  reciprocal  dispersive  power  V,  which 
has  since  become  the  standard  method  of 
expressing  dispersion.  The  "F-values  of 
optical  glasses  are  determined  from  the 
indices  of  the  F,  D,  and  C  lines,  such  that 


Table  4.1  shows  the  indices  of  refraction 
of  two  barium  glasses,  a  crown  and  a 
flint,  for  several  spectral  lines.  Note  that 
nD  is  the  same  for  the  two  glasses,  but  the 
flint  glass  has  the  greater  index  variation. 
The  flint  glass  therefore  has  a  higher 
dispersion  than  the  crown  glass,  and  its 
"F -value  is  consequently  lower.  F-values 

TABLE    4.1 


V  = 


HP  —  I 
nF  —  nc 


(4-3) 


Spectral  Line 

Crown 
7=54.9 

Flint 
F=38.5 

g'  (4358A)  

1.63115 

1.63772 

F  (4861A)  

1.62493 

1.62843 

D  (5893  A) 

1  61700 

1  61700 

C  (65631) 

1  61370 

1  61242 

1.9 


1.8 


1.7 


1.6 


1.5 


RARE  ELEMENT  BORATES 


LaC 
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FIG,  4,6,     Optical  glasses. 
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FIG.  4.7.     (a)   Convergent  and  (b)   divergent  surfaces. 


for  common  glasses  range  from  25  for 
extra-dense  flint  glasses  to  64  for  boro- 
silicate  crown.  Refractive  index  varies 
from  1.49  to  1.88. 

Optical  Glasses.  Optical  glass  is  merely 
glass  manufactured  to  very  rigid  toler 
ances  of  homogeneity,  refractive  index, 
dispersion,  and  impurities.  The  chart  of 
Pig.  4.6  shows  all  of  the  commonly  avail 
able  types  of  optical  glasses  plotted  on 
a  graph  of  refractive  index  vs.  reciprocal 
dispersion.  The  lines  on  the  chart  repre 
sent  divisions  between  the  various  types 
of  glass.  The  basic  glasses  are  the  crown 
(C)  glasses,  which  are  actually  high-qual 
ity  forms  of  plate  or  sheet  glass.  The 
chart  shows  how  the  addition  of  lead  to 
crown  glass,  producing  the  light  flint 
(LF),  flint  (F),  dense  flint  (DF),  and 
extra-dense  flint  (EDF)  glasses,  increases 
both  the  index  and  dispersion.  The  addi 
tion  of  barium  to  common  glass,  produc 
ing  light,  dense,  and  extra-dense  barium 


crowns  (LBC,  DBC,  and  EDBC,  respec 
tively),  raises  the  index  with  virtually  no 
increase  in  dispersion.  The  proper  mix 
ing  of  proportions  of  barium  and  lead 
produce  the  barium  flint  (BF)  glasses. 
The  rare  element  borate  glasses  represent 
a  complete  departure  from  other  glass 
types  in  that  they  contain  very  little  sili 
con.  They  were  first  developed  in  the 
1930  's  and  represent  a  major  breakthrough 
in  optical  glass  technology.  Filling  in  the 
chart  are  the  lanthanum  crown  and  flint 
glasses  (LaC  and  LaF),  which  are  recent 
developments  using  lanthanum  to  raise 
the  refractive  index  of  optical  glasses. 
Also  shown  for  comparative  purposes  are 
two  plastics  which  have  been  developed  to 
optical  quality,  methyl  methacrylate  and 
polystyrene.  They  are  representative  of 
most  plastics  in  that  they  lie  below  the 
glasses  in  the  chart  of  Fig.  4.6. 

Surface  Power.    We  have  considered  the 
refraction  of  light  at  an  interface  between 


(a)  POSITIVE  LENS  (b)  NEGATIVE  LENS 

FIG.  4.8.     Simple  lenses. 
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two  media   of   different  refractive   index. 
We  shall  now  consider  what  happens  to 
the  light  rays  if  the  surface  is  not  plane, 
but  curved,  having  a  radius  of  curvature 
E.     Consider   a  bundle   of   parallel  rays 
incident  on  this  surface,  where  the  center 
of  the  bundle  is  coincident  with  a  radius 
of  the  surface,  i.e.,  normal  to  the  surface. 
The  central  ray  then  has  an  angle  of  in 
cidence  equal  to  zero  and  will  pass  undevi- 
ated  into  the  second  medium.     "With  in 
creasing  diameter  of  the  bundle  the  rays 
have  increasing  angles  of  incidence  at  the 
surface,    with    correspondingly   increasing 
angle  of  refraction.     If  the  index  of  the 
second  medium,  n',  is  greater  than  that 
of  the  first  medium,  n,  and  the  center  of 
curvature  is  to  the  right  of  the  surface 
(as    illustrated    in    Fig.    4.7a),    the    rays 
after  refraction  will  converge  toward  the 
central  ray,   or  axis.     Such  a  surface  is 
convergent  and  has  positive  power.     The 
reverse  case,  where  n  is  greater  than  n', 
(Fig.    4.7b)    causes   the   rays   to    diverge 
from  the   axis.     It  is  therefore   called  a 
divergent  surface  and  has  negative  power. 


RAY  FROM 


(a)  THIN  LENS 


EQUIVALENT 
REFRACTING   SURFACE 
(b)  THICK  LENS 

FIG.  4.9.     (a)    Thin  lens  and    (b)    thick  lens. 
Illustrating  focal  length  of  a  lens. 


FIG.  4.10.     The  principal  points  of  a  lens. 

The  degree  of  surface  power  is  directly 
proportional  to  the  difference  in  index  and 
inversely  proportional  to  the  radius.  The 
surface  power  is  commonly  given  the 
Greek  letter  <£  and  is  defined  by  the 
equation 


*  = 


n   —  n 
R 


(4.4) 


where  R  is  positive  if  its  center  of  curva 
ture  is  to  the  right  of  the  surface. 

The  Simple  Lens.  A  single  lens  in  air 
may  have  positive  power,  negative  power, 
or  no  power  (Fig.  4.8),  depending  upon 
the  relative  powers  of  its  two  surfaces  and 
its  thickness.  Unless  a  lens  is  quite  thick 
with  respect  to  the  surface  radii  of  curva 
ture,  its  thickness  can  be  ignored  for  the 
purpose  of  determining  the  lens  power. 
The  power  of  a  thin  lens  then  becomes 
the  sum  of  the  powers  of  its  two  surfaces : 


n  —  1       1  -  n 

z5        ~r"       D 

JLl  /t/2 


r> 
/t2 


(4.5) 


When  the  thickness  must  be  taken  into 
account,  the  equation  of  lens  power  be 
comes 


where  i  is  the  axial  thickness  of  the  lens. 
The  lens  axis  is  the  line  connecting  the 
centers  of  curvature  of  the  lens.  The  re 
ciprocal  of  the  lens  power  is  the  focal 
length  of  the  lens.  For  a  thin  lens  the 
focal  length  /  is  the  distance  from  the 
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0' 


-h' 


(a)   Image  determination  by  the  Gaussian  method. 


x'  0' 


(b)   Object  and  image  distances. 
PIG.  4.11. 


lens  to  the  image  of  an  infinitely  distant 
object  point,  as  shown  in  Fig.  4.9a.  Where 
the  lens  thickness  is  appreciable  we  must 
consider  from  what  point  in  the  lens  is 
the  focal  length  measured.  Consider  first 
that  it  is  possible  to  have  a  thick  lens  and 
a  thin  lens  of  equal  focal  length.  The 
focal  length  of  a  thick  lens  can  be  de 
scribed  then  as  the  focal  length  of  the 
"equivalent  thin  lens."  The  term  equiva 
lent  focal  length  is  often  used  in  this 
regard  in  describing  thick  or  compound 
lenses.  To  show  the  point  from  which  the 
equivalent  focal  length  of  a  thick  lens  is 
measured,  consider  Fig.  4.9.  We  project 
the  ray  from  the  distant  object  until  it 
intersects  the  projection  of  the  ray  in  the 
image  space  at  a  point  B.  Point  B  lies  on 
a  surface  which  is  called  the  equivalent 
refracting  surface  of  the  lens.  The  dis 
tance  from  the  intersection  of  the  equiva 
lent  refracting  surface  with  the  lens  axis 
to  the  image  point  is  the  equivalent  focal 
length  of  the  lens. 

The  Principal  Points.  The  intersection 
of  the  equivalent  refracting  surface  with 
the  optical  axis  is  defined  as  a  principal 


point  of  a  lens.  A  lens  has  two  principal 
points,  as  shown  in  Fig.  4.10,  where  one 
ray  is  traced  from  a  distant  object  at  the 
left  of  the  lens  to  its  focal  point  F2,  and 
another  ray  is  traced  from  a  distant  ob 
ject  at  the  right  to  its  focal  point  Fx.  The 
two  principal  points,  PI  and  P^  are  images 
of  each  other  at  unit  magnification.  For  a 
lens  in  air  the  two  focal  lengths  /  and  f 
are  equal.  A  lens  in  air,  therefore,  has 
only  one  focal  length,  regardless  of  the 
direction  of  incidence  of  the  light. 

For  the  consideration  of  object  and 
image  distances  and  magnification,  a  lens 
may  be  replaced  by  its  four  cardinal 
points,  the  two  principal  points  and  two 
focal  points,  as  in  Fig.  4.11a.  The  image 
of  an  object  at  0,  having  a  height  h,  can 
be  found  by  drawing  two  rays.  One  ray 
is  directed  toward  the  lens  parallel  to  the 
axis.  It  is  refracted  at  the  plane  P% 
through  the  second  focal  point,  jP2.  The 
second  ray  is  directed  through  FI.  It  is 
refracted  at  the  plane  of  PI  emerging 
parallel  to  the  axis.  The  intersection  of 
these  two  rays  is  the  image  0'  and  has  a 
height  —  h'.  The  magnification,  defined 
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as  the  ratio  of  image  size  to  object  size, 
is  commonly  given  the  symbol  m.  Mathe 
matically, 


h' 
m  =  —  -r 

h 


(4.7) 


Referring  to  Fig.  4.11b,  the  object 
and  image  distances  from  the  principal 
points  are  indicated  as  p  and  p',  respec 
tively,  and  their  distances  from  the  two 
focal  points  are  x  and  x'.  Several  useful 
formulas  2  can  be  developed  relating  these 
distances : 


xx'  =  ff 


= 
/      P      P' 


(4.8) 


f 
P-f 


(4.10) 


p'  =  /(I  +  m) 


f       p 


(4-11) 
(4.12) 
(4.13) 


The  replacement  of  a  lens  by  its  cardinal 
points  for  the  purpose  of  studying  object 
and  image  relationships  was  first  proposed 
by  Gauss.  The  study  of  lenses  and  lens 
systems  in  this  manner  is  therefore  com 
monly  called  Gaussian  optics.  It  has  great 
value  in  the  preliminary  calculation  of 
lens  systems  to  determine  the  properties 
a  lens  must  have  to  meet  certain  require 
ments.  As  an  example,  let  us  say  that  a 
printer  lens  is  required  to  make  3  X  en 
largements  of  negatives  in  an  enlarger 
having  a  fixed  negative-to-easel  distance 
of  20  in.  What  focal  length  is  required 
and  what  must  the  object  and  image  dis 
tances  be?  First  of  all  we  must  find  the 
required  focal  length.  Ignoring  the  sepa 
ration  of  the  principal  points,  the  overall 

2  Kingslake,  Lenses  in  Photography,  Garden 
Qity  Books,  Garden  City,  New  York,  1951. 


FIG.  4.12.     The  nodal  points  of  a  lens. 

object-to-image  distance  is  the  sum  of  p 
and  p'.  Adding  equations  (4.11)  and 
(4.12)  we  get 


p'  = 


(4.9)      Solving  for  /  we  have 

/  _       P  H~  pf 
2  +  m  + 


j_ 
m 


(4.14) 


(4.14a) 


We  may  now  substitute  the  numerical 
values  given :  p  +  p'  =  20  and  m  =  3,  and 
obtain  /  =  3|.  From  equation  (4.11),  the 
object  distance,  p  =  3f  (1  +  J)  or  p  =  5  in. 
Similarly,  equation  (4.12)  gives  us  pr 
=  3f  (1  +  3)  or  p'  =  15  in.  The  magnifi 
cation,  m  =  p'/p  =  15/5  =  3,  checks  our 
original  requirement. 

The  simplified  treatment  of  lens  systems 
in  terms  of  Gaussian  optics  lays  the 
groundwork  upon  which  the  lens  design 
process  is  developed.  The  more  complex 
the  optical  system,  the  more  necessary  to 
understand  its  Gaussian  optical  properties. 

The  Nodal  Points.  Any  ray  which  is 
incident  upon  a  lens  so  that  it  is  directed 
toward  the  first  nodal  point  of  the  lens 
will  emerge  as  though  from  the  second 
nodal  point  and  will  be  parallel  to  the 
incident  ray.  In  Fig.  4.12,  a  ray  is  di 
rected  at  the  first  nodal  point  N:.  It 
appears  in  the  image  space  to  be  coming 
from  N2  and  ff  =  9.  The  nodal  points  are 
images  of  each  other  at  a  magnification 
equal  to  n/n',  where  n  is  the  refractive 
index  of  the  object  space  and  n'  is  the 
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(a)   Galilean  telescope,  principal  points  at 

infinity. 


(b)   Telephoto  lens. 


(c)   Reversed  telephoto  lens. 

FIG.  4.13.    Examples  of  principal  points  lying 
outside  of  the  lens. 

refractive  index  of  the  image  space.  If 
these  indices  are  equal,  the  nodal  points 
coincide  with  the  principal  points,  and 
their  magnification  thus  becomes  unity. 

The  principle  of  the  nodal  points  is  very 
useful  in  the  testing  of  lenses  and  is  the 
basis  for  the  nodal-slide  lens  bench.  Let 
us  assume  a  distant  light  source  is  avail 
able  and  a  lens  is  mounted  so  that  the 
image  of  this  distant  object  can  be  ob 
served.  If  the  lens  is  rotated  about  a 
point  on  its  axis,  the  image  will  move 
laterally  by  the  same  amount  that  the 
second  nodal  point  is  moved.  If  we  are 
able  to  move  the  lens  longitudinally  until 
the  axis  of  rotation  passes  through  the 
second  nodal  point,  the  image  will  not 
move  when  the  lens  is  rotated.  Assuming 
that  the  object  and  image  spaces  are  both 
air,  the  distance  from  the  rotation  axis  to 
the  image  point  is  the 'focal  length  of  the 
lens. 


The  Telephoto  Effect.  The  principal 
points  of  a  lens  need  not  lie  within  the 
bounding  surfaces.  In  fact,  ^or  some 
applications  it  is  highly  advantageous  that 
they  be  outside  the  lens.  In  a  telescope, 
for  instance,  the  principal  points  are  at 
infinity,  as  illustrated  in  Fig.  4.13a.  This 
is  accomplished  when  the  second  focal 
point  of  the  first  lens  coincides  with  the 
first  focal  point  of  the  second  lens. 

A  lens  in  which  the  second  principal 
point  P2  is  forward  of  the  first  surface  is 
called  a  telephoto  lens.  The  extent  to 
which  P2  is  forward  of  the  first  surface 
is  the  telephoto  effect  of  the  lens.  This 
effect  is  measured  as  the  ratio  of  focal 
length  to  the  front  vertex  focal  distance 
(FVFD)  as  shown  in  Fig.  4.13b.  The  use 
fulness  of  telephoto  lenses  is  in  providing 
long  focal  lengths  with  short  barrel 
lengths.  Such  lenses  are  of  particular  ad 
vantage  for  use  on  lens  turrets,  where  a 
long  tube  length  may  intrude  into  the 
field  of  view  of  a  wide-angle  lens  on  the 
same  turret. 

The  reversed  telephoto  lens  has  the  op 
posite  effect  from  the  telephoto.  Its  second 
principal  point  lies  behind  the  rear  lens. 
In  other  words,  a  reversed  telephoto  is  a 
lens  where  the  focal  length  is  shorter  than 
the  back  focus  (BF).3  The  applications 
for  reversed  telephoto  lenses  include  movie 
cameras,  single-lens  reflex  cameras,  and 
others  where  there  is  a  fixed  minimum 
clearance  from  lens  to  image  plane  to 
provide  for  shutter,  beam  splitter,  or  other 
mechanical  parts,  but  where  a  lens  is  re 
quired  with  a  focal  length  shorter  than 
this  clearance. 

Telephoto  lenses  are  normally  not  used 
unless  necessary  as  they  are  inherently 
difficult  to  correct  for  distortion. 


s  The  back  focus  of  a  lens  is  the  axial  distance 
from  the  vertex  of  the  last  surface  to  the  image 
plane. 
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FIG.  4.14.     Spherical  aberration   caustic. 


Lens  Aberrations.  There  are  seven  basic 
aberrations,  or  image  errors,  which  detract 
from  the  ability  of  a  lens  to  form  a  per 
fect  image.  These  aberrations  require  that 
photographic  lenses  consist  of  several  ele 
ments  if  they  are  to  produce  high  quality 
results.  The  seven  basic  aberrations  are : 
spherical  aberration,  coma,  astigmatism, 
field  curvature,  distortion,  longitudinal 
chromatic  aberration,  and  lateral  chro 
matic  aberration. 

Spherical  Aberration.  A  parallel  bun 
dle  of  rays  incident  upon  a  spherical  sur 
face  will  not  all  be  brought  to  a  focus 
at  one  point.  Rays  at  a  greater  distance 
from  the  optical  axis  will  be  refracted 
more  strongly  and  intersect  the  axis,  after 
refraction,  at  a  shorter  distance  from  the 
surface  than  rays  closer  to  the  axis.  The 
envelope  of  the  refracted  rays  forms  a 
caustic,  called  the  spherical  aberration 
caustic  (Fig.  4.14),  the  vertex  of  which 
is  the  par  axial  focus  of  the  surface.  The 
spherical  aberration  of  a  lens  may  be 
measured  either  longitudinally  or  trans 
versely. 

The  longitudinal  spherical  aberration 
(LA')  of  a  surface,  or  lens,  is  the  axial 
separation  of  the  edge  ray  focus  and  the 
axial  ray  focus  as  measured  from  the  last 
surface  of  the  lens.  Mathematically  LA' 
=  L'  —  I',  where  Lr  is  the  back  focus  of 
the  edge  or  marginal  ray  and  V  is  the 
back  focus  of  an  axial  ray  (paraxial  focus) 
(Fig.  4.15). 


Transverse  spherical  aberration  (TA'),4 
as  the  name  implies,  is  measured  perpen 
dicular  to  the  lens  axis  and  is  the  height 
at  which  the  marginal  ray  intersects  the 
plane  of  the  paraxial  focus.  The  trans 
verse  measure  of  spherical  aberration  is 
preferred  by  many  lens  designers  in  re 
ferring  to  photographic  lenses,  since  the 
criteria  of  photographic  lens  performance 
are  based  more  on  image  size  than  on 
longitudinal  image  shift,  and  the  TA!  is 
a  direct  measure  of  image  size. 

Coma.  Coma  is  an  unsymmetrical  aber 
ration  of  off-axis  imagery.  It  is  defined 
as  the  difference  in  height  between  the 
intersection  of  the  upper  and  lower  edge 
rays  and  the  central,  or  principal,  ray  of 
an  oblique  beam.  Notice  in  Fig.  4.16a 
that  the  upper  and  lower  rays  intersect 
at  a  point  above  the  principal  ray,  thus 
creating  an  unsymmetrical  image.  For 
ideal  imagery  all  rays  from  an  object  point 
must  intersect  at  one  image  point.  The 
name  coma  has  been  applied  to  this  aber 
ration  because  it  causes  the  distribution 


FIG.  4.15.     Longitudinal   and  transverse-  meas 
ures   of   spherical   abberration. 

4  Also    often    referred    to    as    lateral    spherical 
aberration. 
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Cb) 


(a) 


PIG.  4.16.     Coma. 


of  the  light  in  an  image  of  a  point  object 
to  look  comet-shaped,  having  a  bright  core 
with  a  one-sided  tail,  as  shown  in  Fig. 
4.16b.  Coma  is  one  of  the  most  damaging 
of  aberrations,  because  a  small  amount 
causes  quite  noticeable  image  deteriora 
tion.  A  symmetrical  image  the  same  size 
as  a  comatic  image  is  much  less  objection 
able,  since  the  one-sided  spreading  of  the 
light  due  to  coma  is  so  much  more  notice 


able  than  symmetrical  spreading  of  light. 
A  lens  which  is  corrected  for  both  spheri 
cal  aberration  and  coma  is  called  an 
aplanat. 

Astigmatism.  So  far  we  have  consid 
ered  only  rays  which  lie  in  the  plane  con 
taining  the  object  point  and  the  optical 
axis.  This  plane  is  called  the  meridian 
plane  of  a  lens,  and  rays  lying  therein  are 
called  meridional  rays.  Kays  outside  the 


COMPROMISE 
IMAGE  - 


-SECONDARY  IMAGE 


PIG.  4.17.     Astigmatism. 
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meridian  plane  are  skew  rays,  and  it  is 
their  contribution  to  the  image  which  must 
be  considered  in  an  analysis  of  astigma 
tism.  Astigmatism  is  the  longitudinal 
separation  of  the  meridional  and  skew- 
ray  images.  The  meridional  image  is  com 
monly  called  the  primary,  or  tangential, 
image  as  it  appears  to  be  a  line  tangent 
to  a  circle  centered  on  the  optical  axis. 
The  skew-ray  image  is  called  the  sec 
ondary,  sagittal,  or  radial  image,  as  it  is 
oriented  radially  to  the  optical  axis  (see 
Fig.  4.17).  A  lens  which  has  been  cor 
rected  for  astigmatism  at  some  point  in 
its  field  of  coverage  is  termed  an  anastig- 
mat.  In  the  plane  of  the  primary  image 
of  a  lens  having  astigmatism,  objects  ori 
ented  tangentially  to  the  optical  axis  will 
be  in  sharp  focus,  while  radial  objects 
will  be  out  of  focus.  Shifting  to  the  sec 
ondary  image  brings  the  radial  objects 
into  focus  while  tangential  objects  become 
blurred. 

Field  Curvature.  If  we  consider  Fig. 
4.18  it  is  apparent  that  a  plane  object 
imaged  by  a  lens  should  fall  on  a  curved 
image  surface.  The  point  B  in  the  object 
is  farther  from  the  lens  than  the  point  A. 
Therefore  the  image  B'  of  B  should  be 
closer  to  the  lens  and  have  a  smaller  mag 
nification  than  the  point  A'.  Since  in 
photography  it  is  desirable  to  have  the 
image  formed  on  a  plane  surface,  field 
curvature  must  be  minimized.  In  inex 
pensive  cameras  the  film  plane  is  often 
curved  to  approximate  the  field  curvature 


OBJECT  SURFACE 


of  the  lens,  thus  permitting  the  use  of  a 

simple    lens    and  increasing  the    field    of 

view  over  which  acceptable  imagery  can 
be  obtained. 


FIG.  4.19.    Distortion. 

Distortion.  Distortion  may  be  simply 
described  as  the  change  of  magnification 
with  field  angle.  We  expect  a  good  pho 
tographic  lens  to  reproduce  an  object  true 
to  scale.  That  is,  for  instance,  the  image 
of  a  square  object  should  be  a  square. 
Distortion  does  just  what  its  name  implies. 
It  causes  the  shape  of  the  image  to  be  dis 
torted  with  respect  to  the  object  shape. 
Positive  distortion  produces  an  image 
which  gets  larger  with  field  angle,  and, 
because  of  the  effect  it  has  on  the  image 
of  a  rectilinear  object,  is  called  pincushion 
distortion  (see  Fig.  4.19).  Negative  dis 
tortion  causes  the  images  of  off-axis  objects 
to  appear  smaller  as  their  angular  distance 
from  the  axis  increases.  Its  effect  on  a 
rectilinear  object  is  to  make  it  barrel- 
shaped.  Thus  the  name  barrel  distortion 
has  been  applied  to  negative  distortion. 

Distortion  is  usually  measured  and  re 
ferred  to  as  the  percentage  deviation  from 
the  theoretical  or  Gaussian  image  size. 
From  equation  (4.7)  we  have  hr  =  —  mh 
for  a  finite  object.  If  the  object  is  at  in 
finity, 


'  =  -  /  tan 


(415) 


IMAGE  SURFACE 
FIG.  4.18.     Field  curvature. 


where  0  is  the  field  angle  subtended  by 
the  object  at  the  lens.  If  the  deviation 
from  the  Gaussian  image  height  is  called 
Aft',  then  percentage  distortion  is  (A/&'/ 
7z/)(100). 

Distortion  is  particularly  undesirable  in 
lenses  to  be  used  for  accurate  reproduction 
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of  shapes,  such  as  aerial  mapping  lenses, 
lenses  for  document  copying,  and  lenses 
used  for  profile  projection.  In  photo 
graphic  objectives,  distortion  becomes  no 
ticeable  if  it  exceeds  about  !%•  In  some 
specialized  cases  distortion  becomes  neces 
sary  if  the  lens  is  to  do  its  job.  If  a  lens 
is  to  cover  a  full  field  of  180 °,  for  instance, 
and  image  this  field  on  a  flat  focal  plane, 
the  focal  plane  would  have  to  be  infinitely 
large  to  contain  the  image  unless  the  lens 
possessed  considerable  negative  distortion. 
In  this  special  case,  the  distortion  ap 
proaches  infinity  as  the  field  approaches 
180°. 

Chromatic  Aberrations.  There  are  two 
fundamental  chromatic,  or  color,  aberra 
tions  which  result  from  the  fact  that  the 
index  of  refraction  of  glass  varies  with 
the  wavelength  of  light.  They  are  chro 
matic  difference  of  back  focus,  normally 
called  longitudinal  color,  and  chromatic 
difference  of  focal  length,  normally  called 
lateral  color.  Longitudinal  color  is  merely 
the  imaging  of  light  of  different  wave 
lengths  in  different  image  planes.  In  the 
absence  of  lateral  color  a  lens  will  have  a 
constant  focal  length  for  all  wave  lengths, 
but  if  the  principal  planes  for  all  wave 
lengths  do  not  coincide  there  will  be  longi 
tudinal  color  (see  Fig.  4.20.)  However, 


FIG.  4.20.     Longitudinal  color. 

in  actual  practice,  the  existence  of  lateral 
color  is  ignored  in  the  determination  of 
longitudinal  color,  which  is  defined  as  the 
difference  in  back  focus  between  two  wave 
lengths,  e.g.,  1B'  -  1R'  in  Pig.  4.20.  By 
the  use  of  a  positive  element  of  low  dis 
persion  combined  with  a  weaker  negative 
element  of  higher  dispersion  it  is  possible 
to  design  a  lens  with  net  positive  power 
where  two  wave  lengths  will  be  combined 
at  a  common  focus.  Such  a  lens  is  said 
to  be  achromatic,  but  still  suffers  from  the 
fact  that  all  other  wavelengths  but  the 
chosen  two  will  not  be  imaged  in  the 
chosen  focal  plane.  Wave  lengths  between 
the  "corrected"  wave  lengths  will  be 
imaged  nearer  to  the  lens,  while  those 
longer  or  shorter  than  the  two  corrected 
will  have  greater  distances.  Figure 
4.21  gives  an  illustration  of  the  variation 
of  focus  with  wave  length  obtained  by 
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~~         (a) 

FIG.  4.21.     Color  Correction: 


(b) 


(c) 


(a)  No  chromatic  correction. 

(b)  Achromatic  correction  showing  secondary  spectrum. 

(c)  Apochromatic  correction  showing  tertiary  spectrum. 
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color  correction.  In  the  graphs  of  Pig-. 
4.21  the  relative  image  distances,  I',  are 
plotted  against  the  wave  length  of  light,  A. 
The  distance  from  the  focal  plane  of  the 
corrected  wave  lengths  to  the  minimum 
focal  plane  of  an  achromat  is  the  secondary 
spectrum.  For  an  achromat  of  common 
crown  and  flint  glasses,  the  secondary  spec 
trum  is  approximately  1/1200  of  the  focal 
length  of  the  lens. 

Color  correction  for  three  or  more  wave 
lengths  can  be  obtained  by  the  use  of 
three  properly  selected  glasses.  Such  a 
lens  is  called  an  apochromat  and  will  have 
much  smaller  residual  color  errors  than 
an  achromat.  The  distance  from  the  focal 
plane  of  the  corrected  wave  lengths  to  the 
minimum  focal  plane  of  an  apochromat  is 
called  the  tertiary  spectrum  illustrated  in 
Fig.  4.21c. 

Lateral  color,  as  has  been  mentioned,  is 
the  variation  of  focal  length  of  a  lens  with 
wave  length.  As  a  result,  images  formed 
in  different  colors,  although  they  may  lie 
in  the  same  focal  plane,  will  have  different 
magnifications.  Lateral  color  is  often  re 
ferred  to  as  chromatic  difference  of  mag 
nification.  In  Fig.  4.22,  note  that  the 
red  focal  length,  f'R  is  greater  than  the 
blue  focal  length  f'B.  Consequently,  for 
an  oblique  principal  ray,  we  would  find 
the  image  height  in  red  light,  H'R,  to  be 
larger  than  that  in  blue  light,  H'B.  Lat 
eral  color  is  normally  measured  as  this 
difference  in  image  height  between  two 
wave  lengths.  The  presence  of  lateral 
color  in  a  lens  is  exhibited  by  color  fring- 


FiG.  4.22.    Lateral  color. 


FIG.  4.23.     Pinhole  aperture. 

ing  of  off-axis  images.  Since  a  very  small 
amount  is  quite  noticeable,  it  is  far  more 
important  to  correct  in  a  photographic 
objective  than  longitudinal  color.  The 
tolerance  for  lateral  color  in  a  photo 
graphic  objective  of  reasonable  aperture  is 
usually  about  one  tenth  that  permissible 
for  longitudinal  color. 

Apertures.  The  simplest  way  to  form 
a  recognizable  image  of  a  brightly  lit  ob 
ject  is  to  make  a  pinhole  in  a  sheet  oi 
opaque  material  and  hold  a  sheet  of  white 
paper  a  short  distance  away  on  the  oppo 
site  side  of  the  hole  from  the  object.  The 
paper  may  be  moved  back  and  forth 
toward  and  away  from  the  pinhole,  and 
it  will  be  noticed  that  there  is  no  position 
of  sharp  focus  of  the  light  coming  through 
the  pinhole,  but  that  the  image  only  ap 
pears  to  get  softer  as  the  paper  is  moved 
away.  This  can  be  explained  if  we  con 
sider  only  one  point  of  the  object  and 
understand  that  the  image  is  merely  the 
summation  of  the  energy  passing  through 
the  pinhole  from  a  multitude  of  object 
points.  Each  point  of  the  object  emits 
light  in  all  directions,  but  only  a  minute 
cone  of  this  light  falls  on  the  pinhole 
aperture  and  is  transmitted  through  it,  as 
illustrated  in  Fig.  4.23.  This  cone  con 
tinues  to  expand  until  it  is  interrupted 
by  the  receiving  surface.  The  closer  this 
surface  is  to  the  pinhole  the  smaller  the 
image  and  the  sharper  it  appears  to  be. 
It  is  to  be  noted,  however,  that  there  is  no 
image  as  we  have  defined  an  optical  image, 
because  the  light  rays  are  not  collected 
but  merely  limited.  Therefore  there  can 
be  no  more  detail  present  as  the  receiving 
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FIG.  4.24.     Diffraction  at  a  small  aperture. 


surface  is  placed  closer  to  the  pinhole.  It 
appears  sharper  only  because  it  is  smaller. 

Let  us  now  make  a  smaller  pinhole.  We 
should  expect  to  get  a  sharper  picture 
since  the  cone  angle  will  be  smaller.  This 
is  true  up  to  a  point,  but  we  soon  find 
that  for  smaller  holes  we  get  no  improve 
ment  in  definition;  in  fact  it  seems  to  get 
worse.  This  is  caused  by  the  diffraction 
of  the  light  as  it  passes  through  the  pin- 
hole.  Diffraction  occurs  at  an  aperture  of 
any  size  since  it  is  a  property  of  the 
behavior  of  light  which  is  apparent  at  the 
edge  of  an  aperture;  but  the  percentage 
of  the  energy  in  the  diffracted  portion  of 
the  image  beyond  the  geometrical  cone, 
defined  by  the  source  and  the  aperture,  is 
negligibly  small  until  the  aperture  becomes 
very  small  with  respect  to  the  distance  to 
the  receiving  surface.  Although  the 
spreading  of  the  diffracted  light  varies  in 
versely  with  the  diameter  of  an  opening, 
the  amount  of  light  passing  directly 
through  the  opening  varies  directly  as  the 
square  of  its  diameter.  Therefore,  as  a 
pinhole  is  made  smaller,  the  percentage 
of  energy  in  the  image  due  to  diffraction 
becomes  larger,  making  the  image  appear 
less  sharp. 

The  accurate  calculation  of  diffraction 
at  a  circular  aperture  is  much  too  complex 
to  be  considered  here,  but  it  is  possible  to 
consider  a  simplified  approximation,  which 


is  sufficient  for  our  treatment  of  photo 
graphic  optics.  Consider  Fig.  4.24  as  a 
pinhole  aperture  a,  of  diameter  d,  with 
light  from  an  infinitely  distant  point  source 
traveling  in  the  direction  of  the  arrow 
and  interrupted  by  a  surface  6.  The 
dashed  lines,  MQ  and  NQ,  represent  light 
diffracted  at  the  top  and  bottom  of  the 
aperture  and  meeting  at  point  Q.  If  the 
plane  of  the  aperture  a  is  normal  to  the 
direction  of  propagation  of  the  light,  it 
corresponds  to  a  wave  front.  In  other 
words,  the  energy  from  the  point  source 
arrives  at  all  points  in  the  plane  of  the 
aperture  in  the  same  phase.  Now  consider 
point  Q,  which  receives  light  due  to  the 
fact  that  every  point  in  the  plane  of  the 
aperture  acts  as  a  new  source  of  spherical 
wavelets  in  accordance  with  Huygens7 
principle.  If  the  distance  NQ  is  exactly 
one  wave  length  greater  than  MQ,  light 
from  M  and  N  will  arrive  at  Q  in  phase. 
However,  under  this  condition  light  from 
the  center  of  the  aperture  arrives  at  Q 
out  of  phase  with  that  from  M  and  N  by 
one-half  wave  length.  Such  a  situation, 
as  long  as  the  source  is  substantially  a 
point  (referred  to  as  a  coherent  source), 
produces  destructive  interference  at  Q. 
If  the  light  from  the  center  of  the  aperture 
is  one-half  wave  length  out  of  phase  with 
that  from  the  top,  then  for  any  point  in 
the  upper  half  of  the  aperture  there  is  a 
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point  in  the  lower  half  for  which  the  dis 
tance  to  Q  is  one-half  wave  length  greater. 
Thus  we  can  state  that  energy  arriving  at 
Q  from  the  upper  half  of  the  aperture  is 
canceled  by  that  from  the  lower  half  due 
to  destructive  interference.  Therefore 
there  is  no  illumination  at  Q.  There  will 
be  faint  diffraction  rings  of  light  at  dis 
tances  from  the  axis  greater  than  Q9  but 
the  greatest  portion  will  lie  within  the 
circle  of  radius  r.  From  the  geometry  of 
Fig.  4.24  we  can  find  a  close  approximation 
to  the  value  of  r.  If  the  pinhole  diameter 
d  is  small  with  respect  to  /,  then 

r      X/2 

f      d/2 
or 

r=£ 
d 

where  A  is  the  wave  length  of  the  light. 

We  must  now  add  to  this  value  of  r  the 
geometrical  image  radius,  which  for  an 
infinitely  distant  object  is  d/2.  The  total 
image  radius  is  then 


fr.d 

r  =   —  -I 

r       d  +2 


(4.16) 


The  first  term  of  equation  (4.16)  con 
siders  the  aperture  to  be  very  small, 
whereas  the  second  considers  it  very  large. 
According  to  Lord  Eayleigh's  treatment 
of  diffraction  at  a  circular  aperture,  this 
addition  is  not  strictly  accurate,  but  it 
does  give  a  reasonably  accurate  approxi 
mation  of  the  image  size. 

It  is  now  possible  to  find  that  aperture 
size  for  a  given  image  distance,  /,  for 
which  the  image  is  smallest.  This  is  done 
by  differentiating  equation  (4.16)  with 
respect  to  d  and  setting  the  derivative 
equal  to  zero.  We  then  find  the  optimum 
aperture  is 

d  =  V2/X  (4.17) 

By  combining  equations  (4.16)  and  (4.17) 


and  eliminating  /,  we  have  an   optimum 
image  radius 


In  other  words,  the  smallest  image  ob 
tainable  with  a  pinhole  has  a  diameter 
twice  that  of  the  pinhole  aperture. 

Now  let  us  place  a  lens  of  focal  length,  /, 
at  the  aperture.  The  situation  is  now 
completely  changed.  Light  from  a  dis 
tant  object  point  is  collected  by  the  lens 
rather  than  merely  limited  by  the  aper 
ture.  Therefore,  there  is  now  a  focal 
plane  in  which  the  image  will  be  sharpest 
at  the  distance  /  from  the  lens.  As 
suming  that  we  have  a  perfect  lens,  the 
image  size  will  still  be  limited  by  the 
diffraction  occurring  at  the  aperture.  The 
equation  for  the  size  of  the  central  bright 
patch  of  the  diffraction  image,  s,  is: 


s  =  1.22X  i 

a 


(4.18) 


where  A  is  the  wave  length  of  light  and  d 
is  the  lens  aperture  diameter.  The  dif 
fraction  image  is  often  called  the  Airy  disc 
after  Sir  George  B.  Airy,5  who  first 
demonstrated  the  phenomenon  in  1835. 
For  a  perfect  lens,  then,  a  larger  diameter 
for  a  given  focal  length  /  produces  a 
smaller  image.  For  green  light  of  wave 
length  5.5xlO-4mm.  (approximate  mid 
point  of  the  visible  spectrum)  s  in  milli 
meters  is  0.00067  f/d. 

Relative  Aperture.  The  ratio  f/d  is  the 
relative  aperture  of  a  lens,  commonly 
called  the  f/ number.  The  //number  of  a 
lens  determines  the  amount  of  light  energy 
transmitted  by  the  lens.  Ignoring  inter- 
surface  reflections  and  absorption  by  the 
glass  itself,  any  two  lenses  with  the  same 
//number  will  transmit  the  same  amount 
of  light  per  unit  area  to  the  image  plane 
and,  consequently,  give  equivalent  expo- 

s  Airy,  Undulatory  Theory  of  Optics,  The  Mac- 
millan  Co.,  Ltd.,  London. 
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FIG.  4.25.    Relative  aperture. 

sure  to  a  light-sensitive  film,  regardless  of 
focal  length.  The  amount  of  light  per 
unit  area  produced  by  a  lens  is  propor 
tional  to  the  square  of  its  relative  aper 
ture.  It  is  therefore  inversely  propor 
tional  to  the  square  of  the  //number.  In 
other  words  a  relative  aperture  of  f/2  will 
transmit  four  times  as  much  illumination 
as  a  relative  aperture  of  //4.  Relative 
aperture  is  often  referred  to  as  the  speed 
of  a  lens,  so  that,  in  this  terminology,  an 
f/2  lens  is  four  times  as  fast  as  an  //4 
lens.  Lenses  with  variable  apertures  are 
usually  marked  in  //numbers  increasing 
in  intervals  of  V2-  Bach  \^  step  is  called 
a  full  stop  because  it  represents  a  doubling 
(or  halving  if  the  //number  is  increased) 
of  the  speed  of  the  lens.  The  largest  theo 
retically  possible  aperture  of  a  lens  in  air 
is  //O.5.  Therefore,  standard  //numbers 
are  developed  from  0.5  as  a  base,  each 
smaller  full  stop  being  V2  times  the  pre 
vious  one;  i.e.,  0.5,  0.7,  1.0,  1.4,  2.0,  2.8, 
4.0,  5.6,  8,  11,  16  .  .  .  ,  etc. 

Variation  of  Relative  Aperture  with 
Magnification.  In  a  lens  corrected  for 
spherical  aberration,  the  relative  aperture, 

(4.19) 


where  U'  is  the  slope  of  the  maximum 
aperture  ray  in  the  image  space  as  shown 
in  Fig.  4.25.  Note  that  sin  U'  is  applicable 
here  and  not  tan  Uf  because,  in  the  absence 
of  spherical  aberration,  the  equivalent  re 
fracting  surface  is  a  sphere  centered  at 
the  focal  point,  F2.  Now  if  the  object  is 
moved  in  to  some  finite  distance,  the  image 
point  will  move  away  from  the  focal  point 
and  the  effective  relative  aperture  in  terms 
of  the  cone-angle  of  light  in  the  image 

space,  —. — 777 ,  is  no  longer  equal  to  f/d, 

£  sin  u 

but  is  modified  according  to  the  mag 
nification  of  the  system,  and  we  find 

/  -j 

2-  =  — Ji— -  .    Referring  back  to  the  dis- 
d       2  sm  U 
cussion  of  Gaussian  optics,  equation  (4.12) 

states  that  p'  =  /(I  +  m).  Therefore,  for 
a  finite  object  as  illustrated  in  Fig.  4.26, 
the  effective  relative  aperture  in  the  image 
space  is 


1 


-  =  //no.  (1  +  m)       (4.20) 


2  sin  U' 

Similarly,    the    relative    aperture    in    the 
object  space  is 


d       2  sin  U' 


The  Focus  of  a  Lens.  The  pinhole,  it 
will  be  recalled,  forms  no  actual  image, 
so  there  is  no  position  of  best  focus.  A 
lens,  however,  has  a  focal  plane,  or  focal 
surface,  at  which  the  images  of  distant 
objects  are  sharpest.  In  any  plane  closer 
to  the  lens  or  farther  away,  the  images 
are  less  sharp.  For  a  distant  object  this 


FIG.  4.26.    Relative  apertures  of  object  and  image  spaces  at  finite  conjugates. 
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plane  coincides  very  closely  with  the  plane 
of  the  second  principal  focus.  However, 
through  a  small  range  of  distances  on 
either  side  of  this  focal  plane  no  appreci 
able  degradation  of  the  image  quality  is 
detectable.  This  range,  which  is  the  depth 
of  focus  of  the  lens,  is  determined  by  the 
cone  angle  of  the  light  emerging  from  the 
lens  (i.e.,  the  relative  aperture)  and  by 
the  size  of  the  point  image  at  which  it  no 
longer  appears  to  be  a  point.  The  latter 
requires  a  little  consideration.  It  is  a 
property  of  the  distance  at  which  a  picture 
is  to  be  viewed  and  the  angular  resolving 
power  of  the  eye.  For  proper  perspective 
a  picture  should  be  viewed  from  a  distance 
equal  to  the  focal  length  of  the  lens  used 
to  take  the  picture  multiplied  by  the  mag 
nification  by  which  the  picture  has  been 
enlarged  or  reduced.  For  instance,  a 
picture  taken  with  a  4-in.  objective  and 
enlarged  five  times  in  printing  should  be 
viewed  from  a  distance  of  20  in.  Now  the 
angular  resolution  limit  of  the  eye  is  about 
3.4  X  10~*  radian,  or  approximately  1/3000. 
In  other  words,  two  object  points  sepa 
rated  by  1/3000  of  their  distance  from 
a  normal  eye  will  be  barely  resolved  as 
two  points  by  the  eye,  as  illustrated  in 
Fig.  4.27.  Similarly,  an  object  which 


3000  UNITS- 


FIG.  4.27.    Resolving  power  limit  of  a  normal 
human  eye. 

subtends  an  angle  of  less  than  one  unit 
in  3000  at  the  eye  will  be  indistinguish 
able  from  a  point;  e.g.,  a  basketball  at  a 
half  mile,  or  a  baseball  at  200  yards.  This 
is  not  to  say  that  a  smaller,  or  more  dis 
tant  object  cannot  be  seen,  but  only  that 
it  will  appear  as  a  point.  A  basketball 
at  one  mile  would  not  appear  substantially 


different  from  one  at  one-half  mile.  Simi 
larly,  two  golf  balls  side-by-side  viewed 
from  200  yards  could  not  be  resolved  and 
would  appear  virtually  the  same  as  a 
baseball  at  the  same  distance. 

It  seems  logical,  then,  that  we  could  de- 
focus  a  lens  until  the  image  of  a  point  ob 
ject  becomes  equal  to  //3000  in  diameter 
before  it  would  appear  blurred  from  a 


FIG.  4.28.     Depth  of  focus.    D  =  circle  of  con 
fusion  diameter. 

normal  viewing  distance.  Some  photo 
graphic  lenses  are  required  to  give  higher 
resolution,  such  as  those  used  for  document 
copying,  microfilming,  etc.,  whereas  others, 
including  most  photographic  objectives, 
can  be  permitted  lower  resolution.  An 
image  size  of  //1000  is  considered  a  prac 
tical  limit  for  normal  photography.  The 
size  of  the  image  of  a  point  is  commonly 
called  the  blur  circle  or  circle  of  confusion. 
The  depth  of  focus  of  a  lens  is  thus  the 
longitudinal  distance  through  which  the 
image  plane  may  be  moved  with  no  ap 
parent  change  in  size  of  the  circle  of  con 
fusion.  In  Fig.  4.28,  we  see  by  similar 
triangles  that 


Therefore,  the  depth  of  focus  which  is 
twice  the  distance,  A/,  may  be  calculated 
by  the  equation 

A/  =  ±  d(//no.)  (4.22) 

in  terms  of  the  circle  of  confusion  diam 
eter.  If  we  let  d  =  kf,  where  k  is  the  re- 
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FIG.  4.29.    Depth  of  field. 


quired  angular  resolution,  the  depth  of 
focus  equation  becomes: 

A/=±ft/(//no.)  (4.23) 

Thus  the  larger  the  relative  aperture 
(lower  //number)  the  shorter  the  depth 
of  focus.  It  should  be  noted  also  that,  for 
finite  object  distances,  the  effective  relative 
aperture  of  a  lens  is  reduced  producing  a 
consequent  increase  in  depth  of  focus  for 
a  given  circle  of  confusion  diameter.  For 
a  lens  imaging  an  object  at  a  magnifica 
tion,  m,  the  depth  of  focus  equation  be 
comes  : 


A/  = 


(*.23a) 


Depth  of  Field.  Just  as  there  is  a  re 
gion  in  the  image  space  of  a  lens  within 
which  there  is  no  apparent  change  in 
focus,  there  is  a  region  in  the  object  space 
within  which  all  object  points  will  be 
imaged  equally  sharp  by  a  lens  in  one 
image  plane.  This  region  is  the  depth  of 
field  of  the  lens  and  is  mathematically 
equal  to  the  depth  of  focus  divided  by 
the  square  of  the  magnification.  Let  us 
consider,  however,  the  depth  of  field  in 
a  discussion  similar  to  that  used  for  depth 
of  focus. 

In  Fig.  4.29,  the  object  point  B  is  a 
distance  L  from  the  lens  and  is  imaged  at 
B'.  Other  object  points,  such  as  A  and 
C,  would  be  imaged  at  other  points  than 
Bf,  and  would  appear  as  out-of-focus  im 
ages  at  B'.  Points  A  and  C  have  been 
chosen  so  that,  for  a  lens  of  diameter  D, 
they  would  appear  the  same  as  an  object 


in  the  plane  of  B  having  a  diameter  b. 
If  b/L  is  equal  to  the  angular  resolution 
limit  of  the  lens,  then  points  A  and  C 
will  be  imaged  no  less  sharply  than  point 
B,  and  the  distance  AC  constitutes  the 
depth  of  field  of  the  lens.  We  can  deter 
mine  the  nearest  and  farthest  distances 
of  acceptable  focus  by  considering  similar 
triangles  in  Fig.  4.29.  The  near  distance 
is  L  -  BC,  and 

L  —  BC BC 

D        =~T 

But  we  have  defined  b/L  as  the  angular 
resolution  limit  k;  therefore, 


-  BC 
D 


BC_ 

kL 


We  may  now  solve  for  BC,  and  the  equa 
tion  becomes 


BC  = 


(4.24) 


Similarly,  the  far  distance  is  L  +  AB,  and 
we  can  find  AB  from  similar  triangles: 


AB 


(4.25) 


Equations  (4.24)  and  (4.25)  show  that 
the  depth  of  field  of  a  lens  is  independent 
of  its  focal  length,  but  dependent  only  on 
its  diameter.  It  is  a  common  misconcep 
tion  that  longer  focal  length  lenses  have 
shorter  depth  of  field.  This  is  fundamen 
tally  wrong  and  has  probably  grown  from 
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the  general  situation  that  longer  focal 
length  lenses  are  larger  in  diameter  than 
short  focal  length  lenses.  However,  a  6- 
in.,  f/S  lens,  having  a  diameter  of  f  in., 
will  have  a  greater  depth  of  field  than,  say, 
a  2-in.  f/2  lens,  which  is  1  in.  in  diameter. 

If  the  object  distance,  L,  becomes  equal 
to  D/k,  equation  (4.25)  shows  us  that  the 
distance  AB  becomes  infinite,  meaning  that 
all  object  points  farther  from  the  lens 
than  B  will  be  in  equally  good  focus  at  Bf. 
This  object  distance  is  called  the  hyper 
focal  distance.  For  a  lens  focused  at  its 
hyper  focal  distance,  the  minimum  object 
distance  of  acceptable  focus  is  found  from 
equation  (4.24),  where  BC  becomes  equal 
to  L/2.  The  minimum  object  distance  is 
therefore  L/2  also.  If  a  lens  is  focused 
on  an  infinitely  distant  object,  the  mini 
mum  distance  of  good  focus  is  the  hyper 
focal  distance.  Most  fixed-focus  cameras 
have  lenses  of  quite  small  diameter,  and 
manufacturers,  by  focusing  the  camera  at 
the  hyper  focal  distance,  provide  a  maxi 
mum  depth  of  field  with  objects  from  as 
close  as  5  ft.  to  infinity  in  acceptable  focus. 

Perspective.  It  was  mentioned  above 
that,  for  proper  perspective,  a  photograph 
should  be  viewed  from  a  distance  equal  to 
the  focal  length  of  the  taking  lens  multi 
plied  by  the  magnification  of  the  final 
print.  This  position  is  the  center  of  per 
spective  of  the  photograph,  and  all  objects 
in  the  picture  will  be  in  proportion  to  the 
original  scene  as  seen  from  the  position 
of  the  camera  lens.  Viewing  from  the 
3enter  of  perspective  is  most  important 
cvhere  there  is  considerable  depth  to  the 


picture.  If  viewed  from  beyond  the  cen 
ter  of  perspective,  foreground  objects  in 
the  picture  appear  disproportionately  large 
and  the  depth  of  the  picture  is  exagger 
ated.  The  reverse  situation  occurs  in 
which  there  is  a  distorted  foreshortening 
of  objects,  when  the  viewing  distance  is 
too  short. 

It  is  for  this  reason  that  projection 
lenses  for  both  motion  picture  and  slide 
projectors  are  designed  at  approximately 
twice  the  focal  length  of  the  standard 
taking  lens.  Projectors  are  usually  lo 
cated  at  the  rear  of  a  theater  or  projection 
room,  with  the  average  audience  position 
about  midway  to  the  screen,  and  therefore 
as  close  as  possible  to  the  center  of  per 
spective. 

Field  of  View.  One  of  the  parameters 
governing  the  design  of  a  photographic 
objective  is  the  negative  size  over  which 
good  definition  is  required.  This  deter 
mines  the  angular  field  of  view  of  the 
lens.  A  short  focal  length  lens  covering 
a  given  negative  size  will  obviously  have 
a  larger  field  of  view  than  a  lens  of  long 
focal  length,  as  shown  in  Fig.  4.30.  The 
angular  field,  /?,  is  often  referred  to  as 
the  full  field  angle.  The  semifield  angle, 
6,  is  used  by  the  lens  designer  and  is  com 
monly  called  merely  the  field  angle.  In 
referring  to  field  coverage  of  lenses  it  is 
well  to  specify  which  angle  is  meant  in 
order  to  avoid  confusion. 

A  normal  focal  length  lens  for  still  pho 
tography  has  a  focal  length  equal  to  the 
diagonal  of  the  negative,  or  the  diameter 
of  the  field  of  view  at  the  image  plane. 


-<-FILM 


FIG.  4.30.    Relation  between  angular  field  and  focal  length. 
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OBLIQUE 
BEAM 


LIMITING  FIELD  ANGLE 
FIG.  4.31.     Field  angle  limitation  of  a  lens. 


This  results  in  a  field  angle,  0,  of  about 
26|°.  In  motion  picture  photography  the 
normal  focal  length  is  twice  the  frame 
diagonal,  which  provides  a  field  angle  of 
about  13°.  Lenses  of  shorter  than  normal 
focal  length  are  called  wide  field  (covering 
up  to  about  35°  semifield)  or  wide  angle 
(covering  greater  than  35°).  The  name 
telephoto,  although  it  defines  a  specific 
type  of  lens  construction,  is  often  applied 
loosely  to  any  lens  of  greater  than  normal 
focal  length. 

The  angular  field  of  a  lens  may  be 
limited  by  the  image  quality  becoming  un 
acceptable  beyond  a  certain  field  angle, 
or  by  physical  interference  of  the  lens 
tube  and  the  mere  length  of  the  lens  sys 
tem  into  the  off-axis  beam,  so  that  no  light 
reaches  the  image  plane  beyond  a  pre 
scribed  field  angle.  In  Fig.  4.31  the  ex 
treme  rays  of  the  axial  beam  and  an 
oblique  beam  are  shown.  Notice  in  the 
oblique  beam  that  the  lower  ray  is  lim 
ited  by  the  diameter  of  the  front  lens 
mount,  and  the  upper  ray  is  limited  by  the 
rear  lens  mount.  At  the  field  angle  indi 
cated  by  the  dashed  ray,  the  upper  and 
lower  rays  coincide  and  no  light  will  be 
transmitted  at  this  or  greater  field  angles. 

The  obstruction  of  the  field  of  view  by 
restricting  lens  or  mount  diameters  is 
called  vignetting.  If  we  look  straight 
through  a  lens  along  its  axis,  the  aperture 


appears  round.  If  we  now  tilt  the  lens 
and  look  through  it  obliquely,  we  see  that 
the  front  and  rear,  and  sometimes  other, 
lens  rims  begin  to  limit  the  aperture  and 
produce  a  cat  's-eye-shaped  opening.  This 
results  in  a  decrease  in  the  illumination 
reaching  the  film  and  a  consequent  de 
crease  in  exposure,  as  the  field  angle  is 
increased.  Due  to  the  broad  latitude  of 
film  emulsions,  a  considerable  amount  of 
vignetting  is  permissible  before  the  reduc 
tion  in  exposure  becomes  noticeable.  Nor 
mally  vignetting  is  described  as  the  per 
centage  of  the  axial  beam  area  which  is 
obstructed  in  the  oblique  beam.  In  other 
words,  if,  say,  70%  of  the  axial  beam  area 
is  obstructed  at  a  given  field  angle,  the 
beam  is  said  to  be  70%  vignetted.  The 
area  of  the  oblique  beam  is  therefore  30% 
of  the  axial  beam. 

Vignetting  is  only  part  of  the  cause  of 
reduced  field  illumination  in  lenses.  Even 
without  vignetting  the  illumination  of  the 
lens  axis  drops  off  by  the  fourth  power 
of  the  cosine  of  the  field  angle,  6.  This 
is  commonly  called  the  "Cosine4  Law" 
and  must  be  taken  into  consideration  in 
the  determination  of  oblique  illumination. 
Actually  what  we  are  interested  in  is  the 
relative  illumination  at  some  field  angle 
with  respect  to  the  illumination  on  axis 
when  we  are  concerned  with  the  decrease 
in  exposure  of  the  film  at  increased  obliqui- 
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ties.      The    relative    illumination    can    be 
computed  by  the  equation: 

Rel.  ill. 

_  area  of  oblique  beam 


area  of  axial  beam 


cos4  6     (4.26) 


where  0  is  the  field  angle  in  question. 

Usually  it  is  rather  difficult  to  determine 
the  area  of  an  oblique  beam,  but  it  is 
not  so  difficult  to  find  its  height  in  the 
meridional  plane.  For  a  close  approxima 
tion  it  is  adequate  to  describe  relative  il 
lumination  as  follows  : 

Approx.  rel.  ill. 

height  of  oblique  beam        .  rt     ,  .  _  _  N 
=  diameter  of  axial  beanTCOS  *     (4'26a) 

Surface  Reflection.  Vignetting  and  the 
cosine4  law  cause  a  reduction  in  image 
brightness  off  the  axis  of  the  lens,  but  aside 
from  this  the  entire  image  suffers  some 
brightness  loss  due  to  reflection  of  light 
at  the  lens  surfaces  and  absorption  by  the 
optical  materials  themselves.  In  lenses 
of  reasonable  size  the  absorption  is  neg 
ligible,  but  light  loss  by  reflection  is  not 
negligible.  It  has  been  stated  previously 
that  a  substance,  in  order  to  transmit 
light,  must  have  an  elastic  response  to  the 
frequency  of  the  incident  energy.  Due  to 
this  elasticity  some  of  the  incident  energy 
is  reflected  back  into  the  original  medium. 
For  light  at  normal  incidence  to  a  surface 
the  reflectance  R  may  be  found  by  the 
equation, 


where  n  and  ri  are  the  refractive  indices 
preceding  and  following  the  surface,  re 
spectively.  Ignoring  absorption,  the  trans- 
mittance  and  reflectance  must  add  up  to 
one.  We  may  therefore  write  for  trans- 
mittanee, 

n'  ~  n  4nn' 


The  transmittance  of  a  single  lens  in  air 
is  the  product  of  the  transmittances  of 
the  two  surfaces.  Similarly  for  a  lens  sys 
tem  the  total  transmittance  is  the  product 
of  all  the  surface  transmittances.  An  air- 
glass  surface  where  n'  =  1.6  will  have  a 
transmittance  T  ~  0.947.  It  is  a  satisfac 
tory  approximation,  in  figuring  the  net 
transmittance  of  a  lens  system,  to  assume 
an  average  T  of  0.95  per  air-glass  surface. 
Thus  we  may  say,  for  all  practical  pur 
poses,  that  the  net  transmittance  is 


Tnet  =  0.95fc 


(4.29) 


where  Jc  is  the  number  of  air-glass  surfaces 
in  a  lens. 

The  following  table  gives  net  transmit- 
tanee  for  various  numbers  of  surfaces,  Jc. 


k 

2 

4 

6 

o 

10 

Tuei 

0.90 

0.81 

0.74 

0.66 

0.60 

T  -  I 
1  -  l 


(n>  +  n)2 


It  is  seen  from  the  above  that  a  lens 
of  five  single  elements,  having  ten  glass-air 
surfaces,  transmits  only  about  60%  of  the 
incident  energy. 

One  of  the  problems  confronting  lens 
manufacturers  throughout  the  years  of  the 
development  of  photographic  optics  has 
been  the  dilemma  of  the  increase  in  re 
quired  number  of  elements  to  improve 
aberrations,  and  the  resulting  reduction 
in  transmittance.  Thus  the  early  complex 
lenses,  such  as  the  Dagor  and  Protar,  were 
made  with  as  many  of  the  elements  as  pos 
sible  cemented  together,  providing  a  rela 
tively  small  index  difference  at  all  but 
four  surfaces  of  the  lens. 

Reflections  in  a  photographic  objective 
not  only  result  in  reduced  transmission, 
but,  due  to  multiple  reflections,  glare  light 
(i.e.,  nonimage-forming  light)  is  reflected 
into  the  film  plane  causing  reduced  image 
contrast  and  definition.  Furthermore,  un 
der  certain  adverse  circumstances,  ghost 
images  may  be  formed  in  the  film  plane. 
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Antireflection  Coatings.  Through  the 
years  many  efforts  have  been  made  to  re 
duce  the  reflections  at  glass-air  surfaces. 
This  is  best  accomplished  by  depositing  a 
thin  coating  on  the  surface.  To  be  fully 
effective  this  coating  must  fulfill  two  con 
ditions:  (1)  the  reflection  at  the  air-coat 
ing  surface  must  be  equal  in  magnitude 
to  the  reflection  at  the  coating-glass  sur 
face;  and  (2)  the  coating  thickness  must 
be  such  as  to  cause  destructive  interference 
of  the  two  reflections.  The  first  condition 
is  met  if  the  index  ratios  of  air-to-coating 
and  eoating-to-glass  are  equal,  i.e.,  ^air/^c 
=  nc/ng.  Since  nair  =  1,  this  condition  re 
quires  that  nc  =  V%.  The  second  condi 
tion  can  be  met  at  only  one  wave  length 
and  only  one  angle  of  incidence,  since  the 
refractive  index  of  the  coating  varies  with 
wave  length  and  the  path  traveled  by  a  ray 
in  the  coating  increases  with  obliquity. 
A  coating  will  be  very  effective,  how 
ever,  if  its  thickness  is  determined  for 
normal  incidence  of  green  light  (A  =  550 
m/*).  For  destructive  interference  to  oc 
cur  the  two  reflections  must  be  180°  out 
of  phase.  In  other  words,  the  reflection 
from  the  coating-glass  surface  must  be 
one-half  wave  length  behind  the  air-coat 
ing  surface  reflection.  This  condition  is 
met  if  nc-d  —  A/4,  where  d  is  the  coating 
thickness. 

In  addition  to  the  above  two  optical 
conditions,  an  effective  coating  must  be 
hard  to  withstand  repeated  cleaning.  It 
should  be  unaffected  by  moisture,  or  any 
elements  normally  encountered  in  the  at 
mosphere,  and  it  must  adhere  firmly  to 
the  glass  surface. 

To  meet  all  these  conditions  is  indeed 
an  impossible  order,  but  fortunately  the 
physical  conditions  are  met  by  crystalline 
materials,  such  as  magnesium  fluoride, 
which  can  be  evaporated  onto  glass  in  a 
vacuum.  Also,  fortunately,  the  optical 
conditions  need  be  only  approximately  met 


to  reduce  the  surface  reflections  of  a  lens 
to  less  than  1%  per  surface.  As  a  prac 
tical  rule  of  thumb,  the  net  transmittance 
of  a  lens  with  coated  surfaces  is 


[  net  (coated) 


=  0.99*.         (4.29a) 

Because  evaporated  crystalline  coatings 
are  costly,  attempts  are  continually  being 
made  to  develop  means  of  coating  glass 
surfaces  by  chemical  reactions  or  by  chem 
ical  deposits.  The  early  so-called  "soft" 
coatings  were  generally  chemical  coatings, 
They  soon  wore  off  the  outer  surfaces  of 
a  lens,  but  were  useful  on  the  inner  ele 
ment  surfaces  which  were  not  subjected 
to  handling  and  atmospheric  effects.  A 
hard,  durable  coating  may  be  produced  by 
an  acid  dip,  which  by  chemical  reaction 
will  reduce  the  refractive  index  on  a  pol 
ished  lens  surface.  This  process,  how 
ever,  has  been  found  difficult  to  control 
within  desired  tolerances  of  coating  thick 
ness,  since  the  rate  at  which  the  reaction 
takes  place  is  apparently  very  sensitive 
to  the  degree  of  surface  polish  and  other 
surface  factors. 
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The  basic  requirement  of  a  camera  lens 
is  that  it  form  an  image  of  an  object  with 
acceptable  definition  over  a  specified  field 
angle.  Where  the  requirements  of  per 
formance  are  not  very  strict,  this  can  be 
accomplished  quite  simply  with  a  single 
lens  element.  The  stricter  the  require 
ments  the  more  complex  the  lens  must  be. 

The  Meniscus  Lens.  The  simplest  cam 
era  lens  is  the  meniscus,  which  is  normally 
found  in  inexpensive  box  cameras.  In  the 
design  of  the  single  lens  the  designer  has 
only  two  degrees  of  freedom — the  shape 
of  the  lens  and  the  position  of  the  dia 
phragm.  These  two  degrees  of  freedom 
permit  him  to  control  only  two  of  the 
seven  basic  aberrations.  Obviously,  with 
only  one  element  he  cannot  control  either 
of  the  color  aberrations.  Of  the  five  mono 
chromatic  aberrations  which  remain,  the 
two  most  readily  controlled  are  astigma 
tism  and  coma.  Inasmuch  as  the  lens 
must  be  used  at  small  relative  apertures, 
we  are  justified  in  leaving  the  spherical 
aberration  uncontrolled.  The  field  curva 
ture  (often  called  Petzval  Sum  after  Josef 
Petzval  who  developed  the  concept  by 
which  field  curvature  is  calculated)  can  be 
controlled  to  a  minor  degree  through  the 
selection  of  glass,  but  this  degree  of  free 
dom  has  only  a  minor  effect  and  for  most 
practical  cases  is  not  used.  Normally  the 
criterion  governing  the  choice  of  glass  is 
cost,  which  dictates  that  the  least  expensive 
glass  be  used  inasmuch  as  the  lens  is  in 
tended  for  an  inexpensive  camera.  Dis 
tortion  and  astigmatism  cannot  be  con 
trolled  simultaneously,  and,  of  the  two, 
astigmatism  is  the  more  important  since 


it  affects  definition  and  field  coverage, 
whereas  distortion  is  an  aberration  of 
position. 

In  the  design  of  a  simple  lens,  the  lens 
shape  is  used  to  control  the  astigmatism. 
The  word  control  is  used  because,  in  the 
presence  of  field  curvature,  astigmatism 
cannot  be  fully  corrected  on  a  flat  image 
plane.  Coma  can  be  well  corrected  by 
the  proper  positioning  of  the  diaphragm. 

The  meniscus  lens  (Fig.  5.1)  may  be 
placed  behind  or  in  front  of  the  dia 
phragm.  The  two  positions  have  their 


FIG.  5.1.     Single  lens. 

advantages  and  disadvantages  and  the 
choice  depends  upon  the  application.  The 
front  meniscus  permits  making  a  shorter 
camera  box  since  the  total  camera  depth 
need  not  exceed  the  focal  length  of  the 
lens.  In  the  case  of  the  rear  meniscus, 
however,  we  must  add  to  the  focal  length 
the  distance  to  the  stop  to  find  the  required 
camera  depth.  Another  disadvantage  of 
the  rear  meniscus  lies  in  the  mere  fact  that 
the  stop  is  out  front  and  should  be  pro 
tected  by  a  cover  glass  to  keep  dust  and 
dirt  out  of  the  camera  and  the  shutter 
mechanism,  which  is  usually  located  next 
to  the  stop. 
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The  front  meniscus  is  characterized  by 
positive  or  pincushion  distortion,  while 
the  rear  meniscus  exhibits  negative  or  bar 
rel  distortion.  If  you  must  have  distor 
tion,  barrel  distortion  is  usually  considered 
less  objectionable  because  it  tends  to  make 
the  corners  of  a  picture  appear  tied  down, 
whereas  pincushion  distortion  gives  the 
impression  that  a  picture  is  flying  apart 
at  the  corners.  In  this  respect  the  rear 
meniscus  could  be  considered  to  have  the 
advantage. 

In  the  front  meniscus  both  the  tangen 
tial  and  radial  foci  can  be  made  to  fall 
close  to  the  curved  field  surface  of  the 
lens,  thus  producing  very  little  astigma 
tism  over  rather  large  field  angles.  If  the 
film  plane  of  the  camera  can  be  curved  to 
fit  this  focal  surface,  surprisingly  good 
results  are  obtainable  at  apertures  of  about 
//16.  With  the  rear  meniscus  the  best 
compromise  obtainable  places  the  tangen 
tial  field  on  a  flat  plane  with  the  sagittal 
focus  inward  curving  (toward  the  lens). 
The  camera  in  this  case  is  designed  to  hold 
the  film  flat,  and  the  off-axis  definition  is 
not  as  good  as  on  the  curved  field  of  the 
front  meniscus. 

Symmetrical  Lenses.  A  symmetrical 
lens  is  symmetrical  about  the  diaphragm. 
In ,  other  words,  that  part  of  the  lens  be 
hind  the  stop  is  a  mirror  image  of  the  part 
ahead  of  the  stop.  The  advantage  of  a 
symmetrical  lens  lies  in  the  fact  that  the 
lateral  aberrations — i.e.,  coma,  distortion, 
and  lateral  color — of  each  half  of  the  lens 
will  be  of  opposite  sign  and  will  balance 


each  other.  This  is  strictly  true  only  in 
the  case  where  object  and  image  are  equi 
distant  from  the  stop,  and  the  magnifica 
tion  is  therefore  unity.  However,  even 
with  a  considerable  departure  from  unit 
magnification,  there  is  still  a  partial  bal 
ance  of  the  lateral  aberrations  in  a  sym 
metrical  lens. 

Let  us  take  half  the  power  away  from 
a  front  meniscus  landscape  lens  and  place 
a  second  element  symmetrical  to  the  front 
element  behind  the  stop,  as  shown  in  Fig. 
5.2.  Now  the  positive  distortion  intro 
duced  by  the  front  is  compensated  by  the 


FIG.  5.2.     Symmetrical  lens. 

negative  distortion  contributed  by  the  rear 
element.  The  same  principle  applies  to 
the  lateral  color  and  to  coma.  In  the  case 
of  the  single  meniscus  lens  the  stop  was 
positioned  to  correct  coma,  but  this  is  no 
longer  necessary  since  symmetry  takes 
care  of  that  problem,  and  we  may  now  use 
the  stop  position,  and  consequently  the 
lens  separation,  to  control  the  field  curva 
ture  to  some  extent. 

At  large  field  angles  the  lateral  aberra 
tions  become  the  designer's  most  serious 
problems.  Thus  most  wide-angle  lenses 
are  symmetrical  types,  with  the  exception 
of  cases  where  positioning  limitations  re- 


FIG.  5.3.     Simple  lens  and  achromat  of  the  same  focal  length. 
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quire  the  use  of  reversed  telephoto  designs. 
The  other  common  use  of  symmetrical 
lenses  is  in  copy  work  and  other  applica 
tions  where  the  magnification  does  not 
vary  greatly  from  unity. 

The  Achromat.  A  simple  symmetrical 
lens,  as  shown  in  Fig.  5.2,  provides  no 
means  of  correcting  for  longitudinal  color. 
As  was  mentioned  in  the  discussion  of 
longitudinal  color,  it  is  corrected  by  the 
proper  use  of  two  elements  of  the  opposite 
power  and  having  different  dispersions. 
The  process  is  not  quite  so  simple  as  this, 
however,  and  has  some  drawbacks.  In 
order  to  achromatize  a  lens  and  maintain 
its  focal  length  it  is  necessary  to 
strengthen  the  positive  element  consider 
ably  to  compensate  for  the  negative  power 
which  is  introduced  to  correct  the  color 
aberration.  If  the  lens  is  to  have  net 
positive  power,  the  positive  element  must 
have  more  power  than  the  negative  ele 
ment.  The  color  correction  is  accom 
plished  by  selecting  a  glass  of  low  dis 
persion  for  the  positive  element.  This,  in 
combination  with  a  weaker  negative  ele 
ment  of  high  dispersion,  will  provide  a 
net  positive  power.  The  relative  powers 
of  the  two  elements  can  be  computed  to 
bring  any  two  selected  wave  lengths  of 
light  to  a  common  focus.  If  common 
crown  glass  is  used  in  the  positive  ele 
ment  and  common  flint  glass  in  the  nega 
tive  element,  each  will  be  stronger  than 
the  simple  positive  lens  of  the  same  net 
power.  The  crown  glass  element  will  have 
about  2^  times  the  net  power  of  the  sys 
tem,  and  the  flint  glass  element  will  have 
about  —  1|  times  the  net  power. 

It  is  apparent  from  Fig.  5.3  that  Con 
siderable  bulk  is  added  to  a  lens  when  it 
is  achromatized.  The  achromatic  doublet 
has  only  three  degrees  of  freedom,  assum 
ing  the  stop  is  in  contact  with  the  lens. 
They  are  the  ratio  of  powers  of  the  two 
elements,  used  to  correct  color;  the  bend 


ing  of  the  whole  lens,  used  to  correct 
spherical  aberration;  and  the  choice  of  in 
dex  of  refraction  of  the  glasses,  which, 
when  combined  with  bending,  permits 
simultaneous  correction  of  coma  and 
spherical  aberration.  Field  curvature  and 
astigmatism  are  not  controlled.  Conse 
quently,  the  lens  has  a  limited  field  of 
view  of  only  a  few  degrees.  The  achro 
matic  doublet  is  used  little  in  photography, 
but  is  commonly  used  as  a  telescope  ob 
jective.  Photographic  applications  are 
limited  to  lenses  of  extremely  long  focal 
length  covering  small  field  angles.  For 
this  purpose  relative  apertures  as  great 
as  f/5  have  been  obtained. 

Symmetrical  lenses  composed  of  two 
achromatic  doublets  separated  by  the  dia 
phragm,  however,  have  an  important  place 
in  photographic  history.  The  first  suc 
cessful  lenses  of  this  type  (Fig.  5.4)  were 


I 

FIG.  5.4.     Rapid    Reetlinear    (Dallmeyer)    and 
Aplanat  (Steinheil). 

brought  out  in  1866  independently  by 
Steinheil  of  Munich  as  the  Aplanat  and  by 
Dallmeyer  of  London  as  the  Rapid  Rect- 
linear.  The  first  lenses  had  an  aperture  of 
//8  and  a  field  of  about  50°.  Later  lenses 
of  larger  aperture,  but  smaller  field  cov 
erage,  were  placed  on  the  market  pri 
marily  for  group  and  full-figure  photog 
raphy.  The  aplanat  and  rapid  rectlinear, 
under  a  variety  of  trade  names,  continued 
in  general  use  on  amateur  hand  cameras 
until  well  into  the  twentieth  century. 

Symmetrical  Anastigmats.  The  first 
anastigmat  lenses  to  find  wide  acceptance 
among  photographers  were  of  the  sym 
metrical  type  with  either  three-  or  four- 
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glass  cemented  elements  (Fig.  5.5).  The 
best  known  of  the  three-glass  lenses  is 
the  Goerz  Dagor  (1892),  although  similar 
lenses  with  different  arrangements  of  the 
cemented  lenses  were  placed  on  the  mar 
ket  by  Steinheil  as  the  Orthostigmat,  and 
by  Voigtlander  as  the  Kollinear.  The  Pro- 


(a)   Goerz  Dagor  //6.8. 


(b)   Zeiss   Protar  //6.8. 
PIG.  5.5.    Double  anastigmats. 

tar  (1893)  of  Carl  Zeiss  is  the  best  known 
of  the  four-glass  lenses.  Similar  lenses 
have  been  made  by  many  other  manufac 
turers  with  only  minor  changes  as,  for 
example,  the  Eaptar  la  //6.8  of  Wollen- 
sak.  In  the  Convertible  of  Taylor,  Taylor 
and  Hobson,  an  air  space  separates  the 
four  glasses  into  two  cemented  pairs  (Fig. 
5.6).  A  number  of  five-glass  lenses  have 
been  made,  the  best  known  being  the 
Turner -Reich  Anastigmat  of  Gundlach. 

These  lenses  have  a  maximum  aperture 
of  //6.8  and  include  an  angular  field  of 
from  60°  to  70°,  depending  upon  the  aper 
ture,  the  useful  field  increasing  with 


FIG.  5.6.     Taylor,    Taylor    and    Hobson    Con 
vertible. 


smaller  apertures.  The  front  and  rear 
portions  may  be  used  separately  for  the 
longer  focal  length.  Thus,  if  the  focal 
length  of  the  front  and  rear  portions  are 
different,  three  focal  lengths  are  available. 
The  maximum  useful  aperture  of  the 
single  lenses  is  about  //12.5.  The  con 
vertibility,  the  large  flat  field  and  brilliant 
image,  make  these  lenses  popular  with 
commercial  photographers,  although  no 
new  lenses  of  these  types  have  been  de 
signed  for  several  years. 

Wide-angle  lenses  of  this  type  (Fig. 
5.7)  include  an  angle  of  from  80°  to  90° 
and  have  a  maximum  aperture  of  //6.8 
to  //9.5,  but  it  is  usually  necessary  to 


(a)   Schneider  Angulon  //6.8. 


(b)   Goerz  Dagor  //6.8. 


(c)  Wollensak  Wide-Angle  Eaptar  //9.5. 
FIG.  5.7.     Double  anastigmats   (wide  angle). 
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stop  down  to  about  //16  if  the  full  field 
of  the  lens  is  used. 

A  number  of  useful  designs  have  been 
developed  from  these  by  adding  air  spaces. 
The  design  shown  in  Pig.  5.8,  produced  by 
reducing  the  power  of  the  central  lens  to 


FIG.  5.8.     Four-element,       symmetrical       type 

lenses:   Goerz  Artar  //9.5;    Goerz   Gotar  //8; 

Kodak  Ektar  f/7.7. 

zero,  does  not  include  a  wide  field  but  is 
noteworthy  for  the  uniformity  in  its  per 
formance  over  a  wide  range  of  image-to- 
object  ratios.  It  has  been  used  in  recent 
years  primarily  for  process  lenses. 

Another  development  in  which  the  inner 
lens  has  been  separated  from  the  other 
two  by  an  air  space  is  shown  in  Fig.  5.9. 
The  additional  constructional  elements 
available  to  the  designer  make  apertures 
up  to  //4  possible  with  an  angular  field 
only  slightly  smaller  than  that  of  the 
cemented  element. 


FIG.  5.9.     Six-element,  symmetrical  type  lenses. 
Meyer    Double    Plasmat;    Schneider    Symmar 


The  Triplet.  The  simplest  lens  that  can 
be  designed  containing  sufficient  degrees 
of  freedom  to  correct  all  seven  basic  aber 
rations  is  the  "Cooke"  triplet,  first  de 
signed  by  H.  Dennis  Taylor  in  1893.  This 
lens,  illustrated  in  Fig.  5.10,  has  just 
seven  degrees  of  freedom,  three  powers, 
three  glass  choices,  and  the  ratio  of  the 


two  air  spaces.1  As  one  might  surmise, 
there  are  innumerable  solutions  to  this 
design  problem  depending  upon  the  pa 
rameters  selected  by  the  designer,  or  fixed 
by  physical  location  requirements  for  the 
elements.  The  triplet  is  probably  the 
most  common  photographic  objective  in 
use  today,  with  the  exception  of  the  menis 
cus  lens  of  the  box  camera.  With  the  use 
of  new  high-index  glasses,  triplets  have 
been  designed  with  relative  apertures  as 
great  as  //1. 9  for  short  focal  length  ap 
plications,  such  as  8mm.  movie  photog 
raphy.  In  35mm.  photography,  triplets 
of  //2.8  and  //3.5  apertures  are  very  com 
mon,  while  for  larger  negative  sizes  //4.5 
has  been  a  practical  limit  of  relative  aper- 


FIG.  5.10.     The  simple  triplet. 

ture  for  triplets.  The  triplet  can  be 
readily  designed  to  cover  a  full  field  of 
view  equal  to  its  focal  length  with  ade 
quate  image  quality  and  is,  therefore,  a 
very  common  "normal"  focal  length  lens 
of  moderate  aperture  for  still  photog 
raphy. 

Developments  of  the  Triplet.  Lens  de 
signers,  from  time  to  time,  have  increased 
the  number  of  elements  of  the  triplet  to 
obtain  greater  freedom  in  making  the 
necessary  corrections  for  (1)  a  larger 
aperture,  (2)  a  larger  field,  (3)  improved 
correction,  or  (4)  all  three  of  these.  The 
first  development  historically  was  made 
by  Harting,  who  calculated  for  Voigt- 
lander  a  triplet  in  which  the  outer  single 


i  For  a  list  of  commercial  triplet  lenses,  see 
Neblette,  Photographic  Lens  Manual  and  Direc 
tory,  3d  Ed.,  Morgan  and  Morgan,  New  York, 
1962. 
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lenses  became  cemented  doublets  (Fig. 
5.11).  This  was  brought  out  as  the  Heliar 
//4.5  and  has  been  popular  as  a  portrait 
lens.  The  aperture  was  extended  to  //2.9 
by  L.  B.  Booth  in  a  lens  introduced  in 
1920  by  Dallmeyer  of  London  as  the 
Pentac. 

ni 


L\\ 

FIG.  5.11.  Triplet  lens  with  compound  ex 
terior  elements.  Voigtlander  Heliar  //4.5; 
Voigtlander  Lanthar  //4.5 ;  Kodak  Ektar  f/3.7. 

In  the  Aviar,  //4.5,  of  Taylor,  Taylor 
and  Hobson  (Fig.  5.12),  the  central  nega 
tive  lens  of  the  simple  triplet  is  divided 
into  two  of  lower  power  to  improve  the 
correction  for  coma.  In  the  Tachar  of 
Astro,  one  of  the  outer  positive  lenses  has 
been  divided  into  two  of  lower  power.  In 
the  Hektor  //6.3  of  Leitz,  the  central  nega 
tive  lens  has  been  made  into  a  doublet; 
and  in  the  Hektor  //2,  all  three  elements 
are  cemented  doublets.  These  two  lenses 
are  no  longer  made. 


FIG.  5.12. 


The  Aviar  of   Taylor,   Taylor  and 
Hobson. 


The  Tessar  (Fig.  5.13),  designed  by 
Paul  Rudolph  for  Carl  Zeiss  (1903),  was 
not  actually  derived  from  the  triplet  but 
may  be  regarded  as  a  triplet  in  which  one 
of  the  outer  elements  has  been  made  into 
a  cemented  element  of  two  lenses.  This 
is  one  of  the  most  popular  lenses  ever  de 
signed.  Originally  it  had  an  aperture  of 
//4.5,  but  with  the  newer  glasses  now 


available  it  is  made  up  to  //2.8.  Its  per 
formance  is  superior  to  the  triplet  par 
ticularly  in  the  reduction  of  astigmatism 
which  improves  the  imagery  at  the  mar 
gins  of  the  field  or  may  permit  a  larger 
angular  field.  In  some  cases  (Ross  XPres 


FIG.  5.13.     The  Tessar  of  Zeiss. 

and  Gundlach  Radar},  it  has  been  made 
with  a  rear  element  of  three  cemented 
lenses.2 


FIG.  5.14.     The  Zeiss  Sonnar  //1.5. 

The  Sonnar s  (Fig.  5.14)  of  Zeiss  repre 
sent  a  development  of  the  Tessar  design 
for  apertures  of  //2  and  //1.5  for  use  on 
35mm.  cameras.  Intrinsically,  this  design 
is  not  as  suitable  for  large  aperture  lenses 
as  the  Gaussian  construction;  there  are, 


/7n 


FIG.  5.15.     The    Zeiss    Sonnar     (longer    focal 
lengths). 

2  For  a  list  of  commercial  lenses  of  this  type, 

see    Neblette,  Photographic    Lens    Manual    and 

Directory,    3d  Ed.,    Morgan    and    Morgan,    New 
York,    1962. 
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however,  many  excellent  lenses  of  this 
type  for  the  35mm.  camera. 

The  long-focus  Sonnars  (Fig.  5.15)  have 
also  been  widely  copied  either  directly  or 
in  modified  form.  Most  of  these  are  for 
the  35mm.  camera  but  some  are  suitable 
for  the  60  X  60mm.  (2£  X  2£)  format. 

Gauss-Type  Lenses.  The  German  math 
ematician,  K.  F.  Gauss,  in  his  studies  on 
the  design  of  the  astronomical  telescope, 
found  that  the  variation  in  spherical  aber 
ration  with  wave  length  could  be  elimi 
nated  by  using  meniscus-shaped  crown  and 
flint  glass  elements  separated  by  an  air 
space  functioning  as  a  negative  lens.  A 
symmetrical  photographic  lens  of  this 


FIG.  5.16.  The  four-element  (1)  wide  angle 
and  (2)  process  lens:  Dallmeyer  Wide  Angle; 
Kodak  wide  field  Ektar;  Ross  Homocentric 
Process  //10;  Kodak  Process  lens  //10;  Wol- 
lensak  Eaptar  Process  //10. 

type  (Fig.  5.16)  was  designed  by  Koll- 
morgen  in  1900  and  introduced  commer 
cially  by  Hugo  Meyer  as  the  Aristostig- 
mat.  This,  and  other  lenses  of  this  design, 
are  excellent  commercial  and  wide-field 
lenses  at  moderate  apertures  (//6.3  to 
//6.8).  The  wide-angle  lenses  of  this  con 
struction  require  much  smaller  apertures 
if  the  full  angular  field  of  the  lens  is  used. 


(a)    Canon  28mm.  //2.8. 


(b)  Nikkor  25rnm.  //4. 
FIG.  5.18. 

This  design  is  also  widely  used  for  process 
lenses. 

This  design,  introduced  originally  by 
Zeiss  as  the  Topogon  (Fig.  5.17)  and  by 
Bausch  and  Lomb  as  the  Metrogon,  was 
later  developed  for  aerial  mapping  with 
an  aperture  of  //6.3  and  low  distortion 
over  a  field  of  100°.  A  number  of  similar 
lenses  have  been  made  as  wide-angle  lenses 
for  the  35mm.  camera  (Fig.  5.18). 

In    1893,    Rudolph,    starting    with    the 


FIG.  5.17.     The    Zeiss    Topogon;    Wide-angle, 
large-aperture  lens  for  aerial  photography. 


FIG.  5.19.     The  Zeiss  Planar. 
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(a)   Kern   Switar  //1.8. 


u 

(d)   Leitz  Summicron  f/2. 


(e)   Fujinon  //1.2. 


L/ 


(c)   Voigtlander  Septon  f/2.  (f)   Leitz  Summarit  //1.5. 

FIG.  5.20.     Developments  of  the  Planar  design. 


Gauss  objective,  designed  a  lens  in  which 
the  two  inner  lenses  were  cemented  doub 
lets  (Fig.  5.19).  This  was  produced  by 
Zeiss  as  the  Planar  with  an  aperture  of 
//3.5.  As  a  symmetrical  lens,  the  design 
could  not  be  corrected  well  for  coma  ex 
cept  over  a  relatively  small  field.  The 
Tessar,  introduced  in  1903,  replaced  it 
for  general  photography  but  the  Planar 
is  still  made  as  a  process  lens.3 


3  The  present  Zeiss  Planar  //2.8  is  a  different 
design.     See  text. 


In  1920,  Lee  of  the  firm  of  Taylor,  Tay 
lor  and  Hobson  returned  to  this  design 
and  found  that  the  correction  for  coma 
could  be  greatly  improved  by  departing 
from  a  strictly  symmetrical  construction. 
The  design,  as  developed  by  Lee,  was 
found  to  be  especially  favorable  for  the 
correction  of  spherical  aberration  and  no 
table  for  the  uniform  distribution  of  all 
the  aberrations  over  the  entire  field  with 
less  variation  from  center  to  edge  than 
other  designs  at  the  same  aperture.  The 
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Opic,  with  an  aperture  of  f/2  and  a  well 
corrected  field  of  48 °,  called  the  attention 
of  other  designers  to  the  potentialities  of 
this  design  for  large  aperture  lenses.  With 
the  increasing  demand  for  large  aperture 
lenses,  this  so-called  Gaussian  or  Planar 
design  has  become  one  of  the  most  im 
portant  in  the  field  of  photographic  optics. 
Important  developments  are  being  made 
almost  constantly.  Some  of  these  are 
shown  in  Fig.  5.20. 


(a)   The  Zeiss  Bio g on. 


(b)    The  Schneider  Super-Angulon. 
FIG.  5.21. 

The  Biogon  of  Zeiss  and  the  Super- 
Angulon  of  Schneider  and  Leitz  represent 
further  developments  of  the  Gauss  design 
for  extreme  wide-angle  lenses  (Fig.  5.21). 
The  21mm.  //4.5  Biogon  and  Super-Angu 
lon  include  an  angle  of  90°  on  24  X  36 
mm.  The  Super-Angulon  //8  for  the 
larger  camera  is  made  up  to  210mm.  focal 
length  and  includes  an  angular  field  of 
90°.  The  definition  is  excellent  at  full 
aperture. 

A  simplified  Gauss  design,  shown  in 
Fig.  5.22,  has  been  very  successful  for  the 
larger  camera  at  apertures  up  to  f/2. 


FIG.  5.22.     The  Zeiss  Planar  //2.8  (new  type), 
Schneider  Xenotar  f/2.8,  Wray  Unilite  //2.O. 

Long-Focus  Lenses.  Long  focal  length 
lenses  for  all  except  the  large  stand  cam 
eras  are  usually  of  the  telephoto  type; 
otherwise  the  lens  becomes  too  long  and 
heavy,  making  the  camera  difficult  to  use. 
An  alternative  is  to  mount  the  lens  on  a 
tripod  and  attach  the  camera  to  it.  If 
this  is  done,  complex  telephoto  designs  can 
be  replaced  with  much  simpler  combina 
tions  of  lenses.  Since  the  angular  field  is 
small,  modified  astronomical  objectives 
(Fig,  5.23)  may  be  used  in  focal  lengths 
of  300  to  1000  mm.  on  35mm.  cameras  and, 
in  the  longer  of  the  focal  lengths,  for  2£ 
X  3i  cameras.  Long-focus  lenses  of  this 
and  similar  types  are  almost  an  exclusive 
product  of  several  European  manufac 
turers,  notably  Astro,  Meyer,  Tewe,  and 
Killfit. 


(\J 
FIG.  5.23.    Long-focus   lenses    (Fernbildlinse). 

Lenses  with  Interchangeable  Front 
Components.  To  provide  lens  inter- 
changeability  on  cameras  with  lens  shut 
ters,  several  manufacturers  have  designed 
lenses  in  which  the  front  portion  only  is 
removed  and  another  substituted  to  obtain 
a  different  focal  length.  The  lens  system 
is  rather  complicated  (Fig.  5.24)  and,  al 
though  generally  satisfactory,  the  per- 


74 


PHOTOGRAPHIC  LENSES 


(b) 


1.  The  Protessar  of  Zeiss   (a)   wide  field;    (b) 
long  focus. 


(b) 


2.  The  Curt  agon  of  Schneider   (a)   wide  field; 
(b)  long  focus. 

FIG.  5.24.     Front-component      interchangeable 
lens  systems. 


formance  of  lenses  of  the  type  does  not 
equal  that  of  lenses  which  are  inter 
changed  as  a  unit. 

Telephoto  Lenses,  The  first  telephoto 
lenses  were  designed  by  Steinheil  of 
Munich,  and  Dallmeyer  of  London,  late  in 
the  nineteenth  century.  They  were  nega 
tive  lens  attachments  for  use  behind  con- 


FIG.  5.25.     Early  fixed  magnification  telephoto 
lens.     The  Sis-Telar  of  Busch. 

ventional  lenses  and  were  mounted  in 
tubes  so  that  the  focal  length  of  the  com 
plete  lens  system  could  be  changed  to  reg 
ulate  the  size  of  the  image.  These  were 
unsatisfactory  for  general  use  because  of 
excessive  curvature  of  field  and  astigma 
tism,  as  well  as  the  small  aperture.  Sev 
eral  years  later  it  was  realized  that  better 
correction  and  a  larger  aperture  would  be 
possible  if  the  lens  was  designed  as  a 
whole.  The  first  fixed-magnification  tele- 
photo  lens  appears  to  have  been  the  Bis- 
Telar  (Fig.  5.25)  of  Emil  Busch  (Rathe- 


FIG.  5.26.    The    Dallmeyer    Dallon    telephoto 
lens. 

now)  which  was  placed  on  the  market  in 
1906.  Similar  lenses  were  brought  out  by 
Zeiss  (the  Magnar  //10),  Dallmeyer 
(Adon  //4.5),  Ross,  and  other  opticians. 
These  suffered  severely,  however,  from  as- 
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A) 


(a)   Ross    Teleros. 


n 


(b)   Zeiss  Teletessar. 
FIG.  5.27. 

tigmatism,  curvature  of  field,  and  distor 
tion.  In  1914,  Booth  designed  a  telephoto 
lens  for  Dallmeyer  with  an  aperture  of 
//6  in  which  the  corrections  for  astigma 
tism,  curvature  of  field,  spherical  and 
chromatic  aberration  were  greatly  im 
proved  over  the  earlier  lenses.  This  lens 
was  redesigned  and  improved  in  1920  and 
placed  on  the  market  as  the  Dallon  with 
.an  aperture  of  //5.6  (Fig.  5.26).  This 
was  the  first  well-corrected  telephoto  lens 
and  as  such  was  widely  copied  by  others. 
At  first  the  changes  were  minor  (Fig. 
5.27)  ;  however,  as  time  went  on  and  the 
demand  for  larger  aperture  lenses  in 
creased,  particularly  for  the  35mm.  cam- 


r\ 


(b)   Leitz  Telyt  200mm.  //4. 


(c)    Rokkor  135mm.  //4. 


(d)    Canon  200mm.  //3.5. 


(e)   Topcor  200mm.  //2.8. 


(a)    Steinheil  Tele-Quinon  135mm.  //3.5. 


(f)   Teletessar   500mm.   //8. 

FIG.  5.28.     Several    telephoto    lenses    for    the 
35mm.  camera. 
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era,  designers  began  to  experiment  with 
other  constructions.  A  number  of  these 
are  shown  in  Fig.  5.28. 

The  telephoto  lens  is  being  constantly 
improved,  particularly  for  the  24  X  36 
negative.  It  does  not  equal  in  perform 
ance  good-quality  conventional-type  lenses 


(a)  Angenieux,  Retrofocus  24mm.  //3.5. 


VI 

(b)  Nikkor  28mm.  f/3.5. 


Schneider  Curtar  35mm.  f/2.8. 


of  the  same  focal  length,  but  the  difference 
is  for  most  purposes  insignificant  and  the 
reduced  weight  and  length  make  it  more 
convenient  in  use. 

Inverted  Telephoto  Lenses.  The  in 
verted,  or  reversed,  telephoto  construction 
(see  Chapter  4)  is  used  chiefly  for  wide- 
angle  lenses  for  single-lens  reflex  cameras 
and  cameras  in  which  the  lens  is  mounted 
in  front  of  a  lens  shutter.  Typical  com 
mercial  examples  are  shown  in  Fig.  5.29. 

Reflecting  Systems.  Among  the  variety 
of  special-purpose  optical  systems  in  use 
in  photography  today,  reflecting  systems 
are  assuming  an  increasingly  important 


(d)   Steinheil   Quinon  //1.9. 
FIG.  5.29.     Several    inverted    telephoto    lenses. 


SPHERICAL 
MIRROR 

* CORRECTOR 

FIG.  5.30.     Schmidt  System. 

role.  When  requirements  for  relative 
aperture  exceed  //I,  refracting  optics  be 
come  exceedingly  complex  and  expensive; 
but,  if  the  field  coverage  need  not  be  large, 
reflecting  optics  of  remarkable  simplicity 
can  provide  excellent  definition.  Ex 
amples  of  this  are  the  Schmidt  system 
(Fig.  5.30)  consisting  of  a  single  spherical 
mirror  with  an  aspheric  corrector  plate 
at  its  center  of  curvature.  The  focal 
length  of  a  spherical  mirror  is  one  half  its 
radius  of  curvature,  and  it  has  a  field 
curvature  with  a  radius  also  equal  to  one 
half  the  mirror  radius.  The  corrector  is 
the  aperture  stop  of  the  system.  Its  sur 
face  corrects  the  spherical  aberration, 
whereas  its  position  is  used  to  correct 
coma.  If  a  curved  field  can  be  used,  ex 
cellent  definition  can  be  obtained  over  8° 
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to  10°  of  semifield  at  apertures  of  //I  or 
greater.  Because  of  their  great  light- 
gathering  capacity,  Schmidt  systems  are 
in  common  use  in  astronomical  cameras. 
Schmidt  systems  have  also  found  valuable 
use  in  television  projectors,  where  the 
curved  tube  face  fits  very  nearly  the  field 
curvature  of  the  mirror  and  the  large 
relative  aperture  is  required  to  provide 
the  highest  possible  screen  brightness  of 
the  projected  picture. 

An  interesting  modification  of  the 
Schmidt  system  employs  a  meniscus  cor 
rector  lens  having  spherical  surfaces  to 
replace  the  aspheric  corrector.  The  menis 
cus  corrector  is  positioned  near  the  image 


FIG.  5.31.    Reflector  with  meniscus   corrector. 

surface,  and  the  two  surfaces  of  the  cor 
rector  are  nearly  concentric  with  the  mir 
ror  surface,  as  shown  in  Fig.  5.31.  The 
reflector  system  with  meniscus  corrector 
is  well  corrected  for  spherical  aberration 
up  to  a  relative  aperture  of  //I,  but  for 
larger  apertures  the  aspheric  Schmidt-type 
corrector  is  essential  for  adequate  spheri 
cal  aberration  correction. 

Such  systems  as  these,  containing  both 
refracting  and  reflecting  optics,  are  called 
catadioptric.  This  category  probably  en 
compasses  most  so-called  reflecting  sys 
tems.  However,  there  are  some  designs  of 
entirely  reflecting  systems,  as  illustrated 
in  Fig.  5.32.  Such  a  system,  by  folding 


the  beam  and  reversing  its  direction  twice, 
provides  an  extreme  telephoto  effect,  such 
that  the  system  length  from  the  front 
vertex  to  the  image  can  readily  be  made 
one  third  of  the  focal  length  or  less. 


FIG.  5.32.     Reflecting  lens  systems. 

One  advantage  of  an  optical  system  con 
sisting  entirely  of  reflecting  surfaces  is 
the  complete  absence  of  chromatic  aberra 
tions,  a  very  desirable  condition  when  a 
system  must  be  used  over  a  very  broad 
spectral  region. 

The  Mirrotel  of  Wollensak  (Fig.  5.33a) 
is  made  in  focal  lengths  of  40  and  80  in. 
(100-200  cm.)  with  maximum  apertures 
of  f/B  and  //14,  respectively.  The  Be- 


(a)  The  Mirrotel  of  Wollensak. 


(b)  The  Eeflectar  of  Zoomar. 
FIG.  5.33. 
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flex-Nikkor,  with  a  focal  length  of 
1000mm.  and  an  aperture  of  //6.3,  is  simi 
lar.  The  Reflectar  of  Zoomar  Inc.  (Fig. 
5.33b)  is  made  in  several  focal  lengths 
with  an  aperture  of  //5.6.  The  front  and 
rear  lenses  and  mirrors  constitute  the  posi 
tive  component  of  the  telephoto  system; 
the  inner  lenses,  the  negative  component. 
Aspheric  Surfaces.  As  the  relative 
aperture  of  a  lens  is  increased  (//number 
reduced)  it  becomes  increasingly  difficult 
to  correct  the  spherical  aberration  to  rea 
sonable  quality  at  all  zones  of  the  aper 
ture.  Consequently,  high  aperture  lenses 
become  very  complex  in  order  to  provide 
satisfactory  correction  at  full  aperture, 
and  still  give  good  performance  when 
stopped  down.  In  such  cases  it  may  be 
possible  to  develop  a  simpler  design  em 
ploying  an  aspheric  surface  which  is  cal 
culated  specifically  to  compensate  the 
spherical  aberration  at  all  zones  of  the 
aperture  of  the  lens  system.  By  aspheric, 
we  mean  here  a  nonspherical  surface  of 
revolution  about  an  axis  which  is  nor 
mally  the  optical  axis.  (Cylinders  and 
toroids  are  aspheres  in  the  broad  sense  of 
the  word,  but  are  excluded  by  the  above 
definition.  In  terms  of  application  to  op 
tical  systems,  they  form  a  separate  class 
of  surface.)  The  Schmidt  system  dis 
cussed  previously  is  an  excellent  example 
of  the  use  of  an  aspheric  surface  to  pro- 

CONVERTER 


vide  complete  spherical  aberration  correc 
tion  of  the  simplest  possible  optical  sys 
tem,  the  spherical  mirror. 

Polished  aspheric  surfaces  are  very 
costly  to  manufacture  to  the  close  toler 
ances  required  for  photographic  optics. 
Their  use  so  far  has  been  limited  to  lenses 
where  cost  has  been  no  object  or  where 
there  is  no  other  feasible  solution  to  a 
problem.  Molded  aspheric  surfaces  are 
often  used  in  condensers  and  view  finders 
where  the  surface  quality  need  not  be 
nearly  as  good  as  that  required  of  a  pho 
tographic  objective. 

Afocal  Supplementary  Lenses.  In  addi 
tion  to  the  simple  attachment  lenses  de 
signed  to  accommodate  different  object 
distances,  there  is  a  class  of  lens  attach 
ments  designed  to  change  the  focal  length 
of  a  camera  lens  without  changing  the 
image  distance  or  back  focus.  Such  at 
tachments,  commonly  called  converters, 
are  actually  Galilean  telescopes.  A  tele 
scope  is  afocal;  i.e.,  its  focal  length  is  in 
finite.  Therefore  a  beam  of  light  from  a 
distant  object,  after  passing  through  a 
telescope,  will  still  appear  to  come  from 
the  same  distance,  but  the  beam  will  be 
larger  or  smaller  in  diameter,  depending 
upon  the  magnifying  power  of  the  tele 
scope.  The  magnifying  power  of  a  tele 
scope  is  equal  to  the  ratio  of  the  focal 
lengths  of  the  objective  and  eyepiece,  or 
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FIG.  5.34.     Telephoto  converter  lens  system. 
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FIG.  5.35.     Wide  angle  converter  lens  system. 


m  =  /0//e,  which  is  equal  to  the  ratio  of 
the  beam  diameter  at  the  objective  to  that 
at  eyepiece.  Fig.  5.34  illustrates  the  prin 
ciple  of  a  converter  designed  to  increase 
the  focal  length  of  a  camera  lens.  The 
ratio  of  the  combined  focal  length  of  the 
camera  lens  plus  converter  (/c)  to  that  of 
the  camera  lens  alone  (/)  is  equal  to  the 
magnification  of  the  converter.  By  re 
versing  the  Galilean  telescope  converter, 
so  that  its  magnification  is  less  than  one, 
the  focal  length  can  be  decreased,  as 
shown  in  Fig.  5.35.  Note  that  with  either 
converter  the  back  focus  of  the  camera 
lens  is  unchanged.  Also  the  relative  aper 
ture  of  the  combination  is  the  same  as  the 
camera  lens  alone.  As  a  result  of  the 
change  in  focal  length  produced  by  the 
addition  of  a  converter  to  a  camera  lens, 
the  focus  of  the  combination  for  near  ob 
jects  will  be  changed.  This  must  be  ac 
counted  for  on  a  focusing  lens  by  changing 
the  distance  scale,  and  on  a  fixed-focus 
lens  by  a  revision  of  the  depth  of  field 
limits.  Wide-angle  and  telephoto  conver 
ters  of  this  type  are  used  on  amateur 
movie  cameras  to  provide  the  versatility  of 
a  multiple-lens  camera  at  reasonable  cost 
to  the  camera  owner. 

Zoom  Lenses.  The  name  "Zoom"  lens 
has  been  applied  to  any  lens  with  a  vari 
able  focal  length.  Zoom  lenses  were  first 
used  on  television  cameras  and  have  grad 
ually  progressed  into  professional  and 
amateur  movie  fields.  The  variation  in 


focal  length  in  a  zoom  lens  is  accomplished 
by  moving  one  or  more  lens  components 
longitudinally  in  the  system.  The  zoom 
range  is  the  ratio  of  maximum  to  minimum 
focal  length. 

A  logical  classification  of  zoom  lenses 
may  be  made  in  terms  of  the  number  of 
components  the  zoom  system  contains  up 
to  and  including  the  last  movable  com 
ponent.  Lens  elements  to  the  rear  of  the 
last  moving  element  constitute  the  fixed 
portion  of  the  lens  and  serve  to  place  the 
image  in  the  desired  plane  at  the  desired 
size.  They  also  have  a  constant  effect  on 
aberrations  regardless  of  the  zoom,  or 
focal-length,  setting  of  the  movable  por 
tion. 

A  zoom  system  must  have  at  least  two 
components  to  provide  a  variation  in  focal 
length.  A  two-component  zoom  lens  can 
be  designed  to  have  a  common  image  plane 
for  only  two  focal  lengths  within  its  zoom 
range.  At  these  two  settings  the  focus  is 
said  to  be  compensated,  and  at  all  other 
focal-length  settings  the  image  will  deviate 
from  this  image  plane.  The  curve  of  focus 
as  a  function  of  focal  length  is  a  second- 
order  curve,  and  the  excursion  from  the 
desired  image  plane  is  normally  too  large 
to  be  acceptable  without  refocusing  the 
lens.  Therefore,  in  two-component  sys 
tems  a  third  element  is  usually  added, 
moving  differentially  with  the  zoom  com 
ponent  to  maintain  focus  throughout  the 
zoom  range.  Such  a  system  is  illustrated 


80 


PHOTOGRAPHIC  LENSES 


si 


FOCUS 


FIG.  5.36.     Three-component  zoom  lens  systems. 


in  Fig.  5.37.  The  third  element  in  this 
case  should  not  be  considered  part  of  the 
zoom  system  since  its  motion  is  not  em 
ployed  to  vary  the  focal  length  of  the  lens. 
As  the  number  of  components  in  the 
zoom  portion  of  a  lens  is  increased,  the 


FIG.  5.37.     Two-component    zoom    lens 
systems. 


number  of  compensated  focal  lengths  is 
increased.  A  three-component  zoom  lens 
can  have  three  focal  lengths  at  which  the 
focus  is  compensated.  A  four-component 
system  can  have  four  compensated  focal 
lengths,  and  so  on.  If  properly  designed, 
the  focus  excursions  between  the  points  of 
compensation  of  zoom  systems  of  three 
and  more  components  can  be  kept  within 
the  depth  of  focus  of  the  lens,  thus  re 
quiring  no  differential  motion  as  required 
in  the  two-component  system.  A  typical 
three-component  zoom  lens  configuration 
is  shown  schematically  in  Fig.  5.36.  Note 
that  the  first  and  third  components  move 
as  a  unit. 

The  practical  limit  of  zoom  range  ob 
tainable  is  roughly  equal  to  the  number  of 
components  in  the  zoom  portion  of  the 
lens,  but  it  is  dependent  upon  many  vari 
ables.  This  limitation  results  from  the 
fact  that  the  excursions  of  focus  between 
compensated  focal  lengths  increase  with 
the  zoom  range  for  a  given  number  of 
components.  If  the  relative  aperture  of 
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(a)    The  Voigtlander-Zoomar. 
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(b)    The  Auto-Nikkor. 
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(c)  The  Canon  Zoom  35. 

FIG.  5.38.     Three  zoom  lenses.     The  broken  lines  represent  movable  elements. 


the  lens  is  small,  resulting  in  a  large  depth 
of  focus,  or  if  focus  compensation  is  not 
critical,  or  is  accomplished  by  some  differ 
ential  motion,  as  in  Fig.  5.37,  the  zoom 
range  limitation  may  be  increased  con 
siderably.  Also  the  focus  excursions  de 
crease  rapidly  with  increasing  numbers 
of  components,  and  the  corresponding  in 
crease  of  compensated  points,  for -a  given 
zoom  range.  Pour-component  systems 
with  zoom  ranges  up  to  6:1  have  been 
developed. 


A  further  practical  limitation  appears 
to  be  the  number  of  components  in  a  zoom 
lens.  As  the  number  exceeds  four,  the 
lens  becomes  excessively  large  for  most 
practical  uses.  Consequently,  very  few 
zoom  lenses  have  been  designed  with  more 
than  four  components. 

In  any  zoom  lens  it  is  necessary  to  place 
the  diaphragm  behind  the  last  moving 
element  if  the  relative  aperture  is  to  re 
main  constant  throughout  the  zoom.  If 
for  any  reason  the  diaphragm  must  be  lo- 
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cated  ahead  of  the  last  movable  element, 
where  the  beam  diameter  varies  with  zoom, 
some  mechanical  arrangement  is  necessary 
to  vary  the  aperture  size  as  the  focal 
length  is  changed  in  order  to  maintain  a 
constant  relative  aperture. 

The  first  variable  focus  or  zoom  lens  for 
still  cameras,  the  Voigtlander-Zoomar,  was 
placed  on  the  market  in  1959.  It  is  de 
signed  for  35  mm.  single-lens  reflex  cam 
eras  and  has  a  focal  length  range  from 
36  mm.  to  82  mm.  and  an  aperture  of 
f/2.8.  There  are  fourteen  lenses  in  five 
groups,  two  movable  and  three  fixed  (Fig. 
5.38a).  The  movable  lenses  (broken  lines) 
are  connected  and  move  as  a  unit.  In  the 
position  shown  the  focal  length  is  82  mm. ; 
moving  the  movable  lens  unit  to  the  right 
changes  the  focal  length  down  to  36  mm. 
The  lens  is  focused  by  a  screw  which  shifts 
the  front  element.  The  definition  is  very 
good  but  not  as  good  as  that  of  first- 
quality  lenses  of  fixed  focal  length.  There 
is  distortion  of  the  pincushion  type  at 
the  longer  focal  lengths  and  of  the  barrel 
type  at  the  shorter  focal  lengths. 

The  Auto-NiJckor  (Fig.  5.38b)  has  an 
aperture  of  //4  and  a  focal  length  range 
from  85  mm.  to  250  mm.  The  Canon 
Zoom  35  (Fig.  5.38c)  has  a  focal  length 
range  from  45  mm.  to  200  mm.  at  f/2.8. 
All  of  these  lenses  are  for  use  with  the  35 
mm.  single-lens  reflex. 
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PIG.  5.39.     The  Petzval  lens. 

Portrait  Lenses.  The  Petzval  lens  (Fig. 
5.39),  calculated  by  Josef  Petzval  for  the 
firm  of  Voigtlander  (Vienna  1840),  was 
for  nearly  a  century  the  standard  lens  of 


the  professional  portrait  photographer.  It 
was  favored  primarily  for  its  large  aper 
ture;  the  definition  near  the  axis  is  ex 
cellent  but  the  field  is  sharply  curved  and 
the  length  of  the  lens  causes  considerable 
vignetting,  with  the  result  that  both  the 
definition  and  illumination  fall  off  rapidly 
a  few  degrees  from  the  axis.  This  makes 


n 


U\ 


PIG.  5.40.     Portrait  lens  of  Wollensak. 

the  Petzval  lens  unsuited  to  groups  and 
full  figures,  but  many  portrait  photog 
raphers  regard  its  curved  field  as  an  ad 
vantage  for  head  and  shoulder  portrait 
since  it  is  possible  to  have  sharp  definition 
on  the  face  only  and  subdue  detail  pro 
gressively  toward  the  margins.  In  recent 
years,  however,  the  Petzval  lens  has  given 
way  to  other  types. 

Many  portrait  photographers  do  not 
care  for  the  sharp  definition  of  a  fully 
corrected  anastigmat  except  for  groups 
and  full-figure  studies.  To  meet  their 
needs  a  number  of  anastigmat  lenses  in 
tended  for  portrait  photography  are  pro 
vided  with  means  of  softening  the  defini 
tion  by  moving  one  of  the  elements  of  the 
lens. 

Portrait  lenses  designed  to  produce  a 
moderately  soft,  ' f  plastic 7 '  image  are  made 
by  several  opticians  (Fig.  5.40).  These 
lenses  usually  are  corrected  for  chromatic 
aberration  and  for  a  flat  field,  but  pur 
posely  undercorrected  for  spherical  aber 
ration.  The  softness,  or  diffusion,  of  the 
image  is  controlled  by  the  diaphragm 
which,  by  reducing  the  spherical  aberra- 
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tion,  produces  a  sharper  image.  In  the 
Imagon  of  Rodenstock,  sharpness  is  con 
trolled  by  diaphragms  which  vary  the  pro 
portion  of  the  central  and  zonal  light  rays 
forming  the  image.  This  enables  sharp 
ness  to  be  varied  by  changing  the  dia 
phragm  without  appreciably  changing  the 
exposure.  Experience  is  required  in  fo 
cusing  lenses  of  this  type  and  in  choice 
of  diaphragm,  and  such  lenses  are  more 
suitable  for  certain  subjects  than  others. 

It  should  be  noted  that  the  diffusion 
produced  by  lenses  of  this  kind  is  quite 
different  from,  and  much  more  pleasing 
than,  that  produced  by  screens  and  other 
diffusing  devices.  These  merely  diffuse 
the  image  or  reduce  contrast.  The  soft- 
focus  lens,  on  the  other  hand,  surrounds 
each  bright  point  in  the  image  with  a  halo 
which  more  nearly  corresponds  to  the 
visual  effect.  It  should  be  noted  also  that 
the  use  of  a  soft-focus  lens  in  enlarging  has 
the  opposite  effect:  a  dark  halo  surrounds 
the  darker  areas  which  is  contrary  to  the 
visual  impression. 

For  head  and  shoulder  portraits  the 
focal  length  of  the  lens  should  be  at  least 
50%  greater  than  the  diagonal  of  the 
picture,  and  many  professional  photog 
raphers  prefer  lenses  of  longer  focal 
length.  If  short  focal  length  lenses  must 
be  used,  the  distance  between  camera  and 
subject  should  still  be  from  6  to  10  ft. 
The  image  will  be  small  but  may  be  en 
larged.  Attempts  to  obtain  a  larger  image 
in  the  negative  can  lead  only  to  unpleasant 
drawing  which  overemphasizes  the  size  of 
those  parts  of  the  subject  nearest  the 
camera. 

Process  Lenses.  The  term  process  is 
applied  to  copying  lenses  used  in  making 
negatives  for  photo-reproduction  proc 
esses,  such  as  photoengraving,  photolithog 
raphy,  and  photogravure.  The  process 
lens  must  have  a  flat  field,  uniform  defini 


tion,  and  illumination  over  its  field.  As  a 
copying  lens  it  must  be  corrected  for  much 
shorter  object  distances  than  the  ordinary 
camera  lens.  The  focal  length  of  process 
lenses  is  usually  about  twice  the  diagonal 
of  the  film  with  which  they  are  to  be  used, 
and  the  maximum  aperture  ordinarily  is 
from  //8  to  //10. 


(a)    Kodak   Ektar. 


i  LW 

(b)    Goerz,    Tri-Color. 


(e)  Schneider,  Componon. 
FIG.  5.41. 

Process  lenses  in  which  the  secondary 
spectrum  is  corrected  are  termed  process 
apochromats.  These  are  used  for  making 
three-color  separation  negatives  and  are 
preferred  by  many  commercial  photog 
raphers  for  color  work  in  the  studio,  par 
ticularly  where  fine  detail  is  involved. 

Lenses  for  Projection  Printing-.  Lenses 
for  projection  printing  must  give  good 
definition  on  a  flat  field  for  the  range  of 
enlargement,  or  reduction,  necessary. 
Camera  lenses  are  corrected  for  much 
greater  object  distances  than  those  used  in 
projection  printing  and  usually  require 
considerable  stopping  down  for  good  re- 
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suits.  Since  the  image  is  focused  visually, 
the  lens  must  be  well  corrected  for  both 
longitudinal  and  lateral  chromatic  aber 
ration. 

Most  enlarging  lenses  are  four-element 
anastigmats  of  the  tessar  type,  but  recal 
culated  to  provide  superior  performance 
at  shorter  object  distances  than  camera 
lenses  of  the  same  type.  With  the  in 
creasing  use  of  35  mm.  cameras,  and 
particularly  with  color,  the  need  for  better 
lenses  has  been  recognized,  and  other  de 
signs,  such  as  those  shown  in  Fig.  5.41, 
have  been  employed.  These,  or  process 
lenses,  are  to  be  preferred  for  color  print 
ing  or  for  the  best  results  in  enlarging 
from  35  mm.  negatives. 

Lens  Testing.  So  far  as  the  testing  of 
lenses  is  concerned,  the  average  photog 
rapher  has  neither  the  equipment,  pa 
tience,  or  know-how,  to  test  a  lens.  Rough 
tests,  such  as  photographing  a  brick  wall 
can,  if  properly  made,  be  helpful  in  de 
termining  if  a  lens  is  poor.  Such  tests 
require  a  firm  tripod  and,  in  the  case  of 
range-finder  cameras,  accurately  measured 
distances.  The  negative  should  be  made 
on  ordinary — not  high-contrast — film  and 
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FIG.  5.42.    Bureau    of     Standards     lens     test 
chart. 


developed  in  the  usual  way.  High-con 
trast  images  give  a  false  impression  of  defi 
nition.  In  all  cases,  the  distance  of  the 
test  object  from  the  lens  should  compare 
with  the  conditions  under  which  the  lens 
will  be  used.  Thus,  photographs  of  small 
charts,  or  a  newspaper,  are  misleading  ex 
cept  as  applied  to  copying  lenses. 

More  definitive  tests  can  be  made  by 
using  test  charts  of  the  type  shown  in 
Fig.  5.42  placed  at  intervals  from  the 
center  of  the  field  to  at  least  one  corner 
and  preferably  diagonally  in  both  direc 
tions.  The  images  on  the  negative  should 
be  examined  with  a  good  hand  magnifier, 
and  the  number  of  lines  resolved  in  the 
center  of  the  field  and  at  different  dis 
tances  from  the  axis  determined  and  re 
corded.  The  resulting  record  will  enable 
the  lens  to  be  compared  with  similar  rec 
ords  of  other  lenses. 

Any  test  of  a  lens  on  a  camera  is  neces 
sarily  a  test  of  the  camera  as  well  as  the 
lens.  Thus  tests  made  with  a  range- 
finder  camera  show  only  the  performance 
of  the  lens  on  that  particular  camera.  A 
lens  giving  inferior  results  on  one  camera 
may  be  excellent  on  another.  For  the 
same  basic  reason,  photographic  tests  of 
a  lens  with  a  ground-glass  focusing  camera 
may  be  undependable  for  any  of  the  fol 
lowing  reasons:  a  difference  in  the  posi 
tion  of  the  ground-glass  focusing  screen 
and  the  film  in  the  filmholder,  lack  of  flat 
ness  in  the  film  plane,  the  camera  back 
not  perpendicular  to  the  optical  axis  of  the 
lens,  the  lens  not  properly  mounted  on  the 
lens  board,  inaccurate  focusing,  or  differ 
ences  in  exposure  and  development  of 
the  negatives  used  as  a  basis  of  com 
parison. 

A  visual  test  of  a  lens  may  be  made  by 
examining  the  image  of  a  test  object  on 
the  ground  glass  at  different  distances 
from  the  axis  with  a  low-power  magnifier. 
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A  test  object  for  the  purpose  may  be  made 
by  cutting  an  opening  in  the  form  of  a 
cross  in  black  opaque  paper  and  placing 
this  in  a  window  open  to  the  sky,  or  it 
may  be  placed  on  ground  glass  and  illu 
minated  by  an  electric  lamp.  The  image 
should  first  be  focused  sharply  in  the 
center  and  examined  carefully  with  the 
magnifier.  Then  the  camera  should  be 
rotated  about  the  lens  as  a  pivot  and  the 
image  of  the  test  object  examined,  without 
refocusing,  at  different  distances  from  the 
axis.  The  principal  difficulty  with  a  test 
of  this  kind  is  not  that  it  lacks  precision 
but  that  the  interpretation  of  the  result, 
in  terms  of  photographic  performance,  re 
quires  experience  that  is  beyond  that  of 
the  average  photographer. 

Chromatic  difference  of  magnification  is 
a  serious  defect  in  a  lens  because  it  re 
sults  in  color  fringes  in  color  transparen 
cies  and  blurring  of  the  image  in  black- 
and-white  photography.  Color  fringes 
can  be  detected  on  star  images,  or  a  test 
object  which  consists  of  a  fine  white 
thread  on  black  velvet  may  be  used.  This 
test  object  should  be  well  illuminated  and 
placed  so  that  the  image  of  the  thread  is 
along  one  side  of  the  focusing  screen.  If 
color  fringing  is  seen  when  the  image  is 
examined  with  a  good  magnifier,  the  lens 
is  not  suitable  for  exacting  color  photog 
raphy.  Slight  color  fringing  is  usually 
of  little  concern  in  landscapes,  portraits, 
and  pictorial  work  in  general. 

Lenses  for  enlarging  may  be  tested  for 
color  fringing  by  projecting  a  negative 
of  a  line  copy,  focusing  critically,  prefer 
ably  with  a  sharp  focusing  device,  and  ex 
amining  for  fringes. 

Care  of  Lenses.  Lenses  should  be  pro 
tected  from  falls  and  sudden  jars,  from 


sharp  changes  in  temperature,  and  from 
excessive  heat  and  moisture.  Exposed 
glass  surfaces  should  be  protected  when 
not  in  use  from  dust  and  atmospheric 
gases  by  a  lens  cap,  by  keeping  the  cam 
era  closed  or  in  a  case.  Despite  these  pre 
cautions,  the  outer  surface  of  the  lens  will 
require  an  occasional  cleaning.  For  this 
the  special  lens  paper  obtainable  from  op 
ticians  is  recommended.  If  this  is  not 
available,  a  soft,  clean  linen  handkerchief 
may  be  used.  Avoid  undue  pressure,  as 
some  varieties  of  optical  glass  are  quite 
soft  and  the  polish  may  be  affected.  Sol 
vents,  such  as  alcohol,  are  best  avoided, 
although  those  sold  by  opticians  for  clean 
ing  lenses  may  be  used  sparingly.  If  a 
lens  requires  more  than  simple  cleaning 
of  the  exposed  glass  surfaces,  it  should  be 
returned  to  the  maker  for  attention. 
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Types  of  Shutters.  There  are  two  basic 
types  of  shutters  in  use  today,  the  between- 
the-lens  shutter  and  the  curtain  or  focal- 
plane  shutter.  As  the  name  implies,  the 
between-the-lens  shutter  is  located  in  an 
air  space  between  the  lens  elements.  This 
is  the  optically  correct  position.  On  a 
number  of  35  mm.  cameras,  however,  the 
shutter  is  placed  directly  behind  the  lens, 
so  that  lenses  may  be  interchanged.  The 
lehind-the-lens  shutter  is  basically  the 
same  as  the  between-the-lens  shutter  ex 
cept  for  its  position  in  relation  to  the  lens. 
The  focal-plane  shutter  is  directly  in  front 
of  the  sensitive  material.  A  slit  in  an 
opaque  curtain  running  between  two  roll 
ers  admits  light  as  it  passes  over  the 
sensitive  material  to  make  the  exposure. 

Each  of  these  two  types  has  its  merits 
and  shortcomings,  making  each  particu 
larly  adaptable  to  specific  photographic 
tasks,  to  be  covered  in  later  discussion. 


PIG.  6.1.    Blade  operation  in  a  lens  shutter. 

Blade  Movement.  In  between-the-lens 
shutters  the  light  is  admitted  by  the  open 
ing  and  closing  of  blades  made  of  thin 
material  shaped  and  arranged  to  open  from 


and  close  toward  the  center.  For  this 
reason  between-the-lens  shutters  are  some 
times  called  central  shutters.  Whereas 
cheap  and  simple  shutters  have  only  one 
or  two  blades  with  holes,  which  are  driven 
across  the  lens  aperture,  better  shutters 
usually  have  from  three  to  six  blades, 
hinged  about  pivots  and  moved  by  pins 


FIG.  6.2.     Blades   open. 

closely  adjacent  to  these  pivots.  Blade 
operation  is  illustrated  in  Fig.  6.1.  Five 
pivots  a  are  mounted  in  a  blade  ring  b 
which  can  be  turned  freely  in  both  direc 
tions  c  and  d.  Pins  e  are  mounted  in  a 
plate  corresponding  to  the  number  of 
blades  (in  this  case  five)  and  slots  /  are 
provided  in  the  blades  g  to  control  the 
movement  of  these  blades.  In  Fig.  6.1  the 
blades  are  shown  closed.  If  the  blade 
ring  is  rotated  in  direction  c,  pivots  a 
will  force  the  blades  to  a  rotating  move 
ment  whereby  slots  /  will  slide  around 
pins  e  until  the  blades  are  in  the  "open" 
position,  admitting  light  freely  through  the 
aperture  "0"  (Fig.  6.2).  Fig.  6.3  shows 
the  blades  in  half  open  position  whereby  a 
star-shaped,  small  opening  is  formed,  char- 
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aeteristic  of  all  central  shutters  with  more 
than  two  blades.  The  ratio  between  the 
length  li  and  Z2  (Fig.  6.2)  explains  why 
a  relatively  short  movement  of  the  blade 
ring  pivot  a  will  cause  the  relatively  long 
opening  movement  of  the  blade  within  a 
very  short  time  interval.  Movement  of  the 
blade  ring  in  one  direction  c  will  open  the 
shutter,  and  movement  in  the  opposite  di 
rection  d  closes  it.  Consequently,  one  full 
operating  cycle  of  the  shutter  consists  of 
ring  and  blade  movement  in  one  direction, 
stoppage  of  that  movement,  and  then  re 
versal.  This  acceleration,  stoppage,  and 
reversal  of  the  masses  consume  time  and 


FIG.  6.3.    Blades  half  closed. 

energy,  and  place  limitations  on  the  speed 
obtainable  from  this  type  of  shutter.  At 
tempts  have  been,  and  are  still  being,  made 
to  overcome  these  limitations.  Shutters 
with  double-ended  blades  were  designed, 
shaped  like  two  regular  blades  combined 
(Fig.  6.4).  Arrangement  of  these  double- 
ended  blades  is  such  that  one  end  keeps 
the  shutter  closed;  but,  when  actuated, 
they  swing  through  in  one  direction,  fully 
open  the  shutter,  and,  as  they  continue 
their  swing  in  the  same  direction,  enter  the 
shutter  opening  from  the  other  side,  thus 
closing  the  shutter  in  one  uninterrupted 
operation.  For  the  next  operating  cycle 
the  blades  must  reverse  their  direction,  a 
condition  which  requires  special  mechani 
cal  provisions.  Obviously,  in  this  manner 


PIG.  6.4.     Shutter  with  double-ended  blades. 

higher  top  speeds  can  be  achieved,  since  no 
time  loss  is  suffered  through  stoppage  and 
reversal  of  blade  motion.  This  design 
requires  larger  shutter  proportions,  since 
the  nearly  double-size  blades  need  a  larger 
housing,  which  is  its  principal  disadvan 
tage. 

The  Diaphragm.  In  very  simple  shut 
ters,  the  diaphragm  consists  of  a  disc,  or 
strip,  of  metal  with  two  or  three  holes  of 
different  diameter.  In  most  shutters,  how 
ever,  an  iris  diaphragm  is  employed.  The 
name  "iris"  diaphragm  is  derived  from 
its  resemblance  to  the  iris  in  the  human 
eye  which  enlarges  and  contracts  con 
centrically,  with  the  intensity  of  the  light. 
The  iris  diaphragm  consists  of  from  5  to 
12  (or  more)  leaves  which  can  be  opened 
or  closed  by  turning  an  indicator  on  the 
outside  of  the  shutter  case.  The  greater 
the  number  of  diaphragm  leaves,  the  more 
nearly  will  the  aperture  approach  the 
shape  of  a  perfect  circle,  although  there 


FIG.  6.5.    Detail  of  iris  diaphragm  (open). 
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is  no  actual  need  for  a  perfectly  circular 
opening.  The  technical  elements  and  their 
principal  arrangement  in  an  iris  dia 
phragm  are  shown  in  Fig.  6.5,  illustrating 
a  six-leaf  diaphragm.  These  arc-shaped 
leaves  are  fastened  to  rotate  about  pins  a 


PIG.  6.6.    Detail  of  iris  diaphragm 
(partly  closed). 

mounted  circularly  in  the  case.  Above  the 
leaves  a  movable  ring  may  be  placed, 
slotted  to  receive  pins  Z?  on  the  opposite 
end  of  the  leaves.  By  turning  this  ring, 
pivots  1))  engaged  by  the  slots,  force  the 
leaves  to  rotate  about  pivots  a,  thus  in 
creasing  or  decreasing  the  size  of  the  dia 
phragm  opening.  Figure  6.5  shows  the 
diaphragm  at  full  aperture.  By  turning 


the  ring  clockwise,  the  diaphragm  opening 
is  reduced  and  is  shown  at  minimum  aper 
ture  in  Fig.  6.6.  The  ring  is  usually  con 
nected  with  outside  indicator  c  which 
moves  over  corresponding  aperture  "stop/ 
numbers"  on  the  face  plate  of  the  shutter. 
A  large  number  of  leaves  requires  greater 
axial  space.  High-speed  lenses  usually 
allow  only  a  small  air  space  between  front 
and  back  elements;  hence  fewer  leaves 
are  preferred  in  modern  shutters. 

Source  of  Energy  in  Between-the-Lens 
Shutters.  The  blade  movement  (opening 
and  closing  the  shutter)  needs  a  source  of 
energy,  or  motor,  which  in  practically  all 
shutters  consists  of  a  spring  to  be  wound 
up  before  every  operation.  This  winding- 
up,  called  "setting"  or  " cocking'7  the 
shutter,  is  a  separate  operation  in  all  pre 
set  shutters.  In  automatic  shutters  the 
spring  winding  is  performed  by  the  same 
lever  that  releases  the  shutter,  thus  com 
bining  setting  and  releasing  into  one  oper 
ation.  The  release  operation  of  the  shutter 
must  be  smooth  to  avoid  jarring  the  cam 
era.  For  this  reason  the  combined  set- 
and-release  operation  cannot  cope  with 
springs  requiring  great  winding  effort. 


PIG.  6.7.     Winding  mechanism  in  a  pre-set  shutter. 
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FIG.  6.8.     Graphical  representation  of  shutter 
operation  at  maximum  speed. 

Therefore,  automatic  shutters  do  not  yield 
speeds  as  high  as  those  of  the  pre-set  shut 
ter  which  can  be  built  with  stronger 
springs.  A  sketch  of  a  winding  mechanism 
in  a  pre-set  shutter  is  shown  in  Fig.  6.7. 
To  hold  the  wound-up  spring  h  in  its 
set-position  a  latch-lever  i  snaps  into  a 
latch  p  of  set-lever  g.  When  the  release- 
lever  or  trigger  (not  shown)  actuates 
latch-lever  i  in  the  indicated  direction  n, 
the  wound-up  set-lever  g  returns  (clock 
wise)  to  its  original  position  under  the 
driving  power  of  spring  h,  actuating  suit 
ably  arranged  levers  (not  shown)  which 
operate  the  reciprocating  movement  of  the 
blade  ring,  thus  opening  and  closing  the 
shutter  as  previously  described. 

Fig.  6.8  represents  a  graphic  interpreta 
tion  of  a  complete  shutter-operating  cycle 
at  maximum  speed.  It  is  assumed  (1)  that 


the  opening  time  is  2|-  milliseconds  (one 
millisecond  is  1/lOOOth  of  a  second),  (2) 
that  the  closing  operation  requires  the 
same,  and  (3)  the  blades  stay  open  for 
only  J  millisecond.  A  shutter  with  double- 
ended  blades,  as  shown  in  Fig.  6.9,  has 
no  stopping  or  reversing  action,  and  closes 
directly  after  the  open  period.  Obviously, 
it  must  be  possible  to  take  a  picture  using 
a  longer  exposure  time,  with  full  aperture. 
Hence,  the  only  period  in  the  entire  shut 
ter  operating  cycle  to  be  retarded  for  longer 
exposure  time  is  the  fully  open  period 
(time  T2  in  the  example  of  Fig.  6.8,  lasting 
only  I  millisecond). 

Retarding  Mechanism.  To  obtain  a 
range  of  speeds,  a  retarding  mechanism  is 
required.  A  well-designed  retarder  must 

1.  Slow  down  the  shutter  mechanism  dur 
ing  the  wide  open  period. 

2.  Be  easily  adjustable  to  the  speeds  re 
quired. 

3.  Provide  speed  settings  which  can  be 
uniformly  repeated. 

During  the  evolution  of  the  shutter  in 
the  past  sixty  years  many  different  kinds 
of  retarding  devices  have  been  used,  from 
simple  friction  devices  to  air  brakes.  Many 
of  these  proved  unreliable  because  of  chang 
ing  conditions  due  to  wear,  temperature, 
and  climate.  Temperature  change,  for  ex 
ample,  influences  density  of  the  air  and 


FIG.  6.9.     Graphical  representation  of  shutter  with  double-ended  blades. 
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with  it  the  retarding  power  of  the  air  brake. 
The  wheel  retarder,  which  is  not  influenced 
by  temperature  changes,  has  superseded  all 
other  retarders.  Its  principle  is  relatively 
simple.  A  rotating  movement  is  trans 
formed  into  short  oscillating  movements  of 
an  element  of  relatively  heavy  weight.  The 
inertia  of  this  oscillating  weight  retards  the 
driving  movement,  similar  to  the  action  of 
an  escapement  in  clocks  and  watches.  The 


FIG.  6.10.     Two  phases  in  the  functioning  of 
the  retarding  mechanism  of  a  lens  shutter. 

oscillating  element  is  called  a  "pallet,"  and 
its  oscillation  is  the  result  of  its  coordinated 
movement  with  a  star-shaped  ratchet  wheel ; 
Fig.  6.10  demonstrates  the  two  phases  of 
a  pallet  functioning  as  retarder.  A  star 
wheel  a  fits  into  the  jaws  5  and  V  of  a  pallet 
c  in  such  close  coordination  that  its  ro 
tation  (indicated  in  counterclockwise  di 
rection  by  arrow  e}  pushes  the  pallet  out 
of  its  way  (position  A}.  Simultaneously 
the  other  jaw  V  of  the  pallet  is  moved  into 
the  path  of  the  star  wheel  (position  J5). 
The  star  wheel,  always  driven  in  the  same 
direction,  now  repulses  the  pallet  from  its 


path  to  the  opposite  direction,  thus  causing 
the  oscillating  movement  of  the  pallet,  in 
turn  retarding  the  star  wheel  which  might 
otherwise  rotate  freely.  The  retarding 
power  of  such  a  device  can  be  increased  by 
increasing  the  weight  of  the  pallet,  or  by 
increasing  its  inertia  by  giving  it  special 
shape,  or  by  imparting  greater  frequency 
to  the  oscillating  movement.  Of  these  three 
factors,  faster  oscillation  exerts  the  greatest 
influence  on  retardation.  This  is  the  reason 
why  the  star  wheel  is  located  at  the  end  of 
a  gear-train  in  all  shutters. 

Figure  6.7  shows  such  a  gear-train  with 
star-wheel  and  pallet.  If  the  first  wheel  a 
has,  for  example,  50  teeth,  and  the  pinion  on 
axle  Z>  has  10  teeth,  one  rotation  of  wheel  a 
will  cause  5  times  as  many  or  5  rotations  of 
axle  Z>.  On  the  same  axle  I  there  is  another 
wheel  c  with  50  teeth  driving  axle  d  also 
with  a  10-tooth  pinion.  The  same  gear 
ratio  will  drive  axle  d  five  times  as  fast  as 
axle  &  and  25  times  as  fast  as  axle  a.  Now 
assume  that  the  star  wheel  e  on  axle  d  has 
10  teeth  and  rotates  25  times  in  the  same 
time  interval  during  which  gear  a  has 
turned  only  once.  Since  every  star-wheel 
tooth  entering  the  jaws  of  the  pallet  / 
causes  a  single  oscillation,  the  pallet  will 
oscillate  250  times  for  every  one  turn  of 
gear  a,  based  on  the  established  ratio,  thus 
resulting  in  considerable  retardation.  In 
actual  practice,  the  first  wheel  usually  does 
not  make  a  complete  revolution.  The  arm 
m  of  the  first  gear  a,  hit  by  pin  1  of  spring- 
driven  set  lever,  or  motor  member  g  sets 
the  entire  gear  train  in  motion.  The  re 
tarding  power  of  the  gear  train  in  motion 
reacts  to  motor  member  g,  thus  slowing  its 
action.  This  motion,  completed  in  a 
fraction  of  a  second  without  the  retarding 
mechanism,  will  now,  under  the  reacting 
retardation  of  gear  train  and  pallet,  per 
haps  require  about  1  sec. 

If  by  a  cam,  or  other  speed-regulating 
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mechanism,  arm  m  is  moved  partly  out  of 
the  path  of  pin  I,  as  indicated  by  arrow 
o  in  Fig.  6.7,  it  is  obvious  that  only  part 
of  the  motion  will  be  retarded,  thus  result 
ing  in  a  speed  of  less  than  1  see.,  e.g.,  i, 
^,  or  3^  sec.  Thus  the  retarding  mecha 
nism  controls  all  instantaneous  speeds  and, 
although  this  presentation  covers  the  basic 
principles,  there  are  many  modifications  in 
actual  design. 

Time  and  Bulb  Exposures.  For  time  ex 
posures  the  settings  B  and  T  are  provided 
on  the  speed  control  ring.  By  turning  the 
speed  control  ring  to  B,  an  interceding 
lever  of  suitable  shape  is  shifted  into  the 
path  of  the  motor  member  g,  stopping  its 
spring  driven  motion  at  the  very  instant 
when  the  shutter  blades  are  wide  open. 
This  stoppage  will  last  as  long  as  the 
finger  release  lever  is  depressed.  On  being 
released  the  interceding  lever  is  removed 
and  motor  member  g  is  set  free  to  continue 
its  closing  motion.  At  setting  T  another 
lever  is  placed  across  the  path  of  the  motor 
member  g  by  the  speed  control  cam,  which 
again  stops  the  motion  of  the  shutter 
mechanism  at  full  opening,  but  needs  a 
second  tripping  of  the  interceding  lever, 
permitting  the  shutter  to  close.  In  cer 
tain  small  shutters  used  exclusively  on 
hand-held  cameras,  the  T  setting  is 
omitted,  since  the  B  setting  allows  for  ade 
quate  time  exposures,  thus  resulting  in  a 
simpler  mechanism, 

Press-Focus  Adjustment.  In  some  shut 
ters  an  additional  lever  or  push  button  is 
found — the  so-called  " press  focus  button." 
It  is  primarily  required  by,  and  was  origi 
nally  designed  for,  the  press  photographer. 
This  press  focus  button  facilitates  ground- 
glass  focusing  by  eliminating  the  need  for 
resetting  on  T  and,  after  focusing,  return 
ing  to  the  desired  speed  setting.  In  some 
shutters  the  press  focus  button  must  be 
depressed  and  the  trigger  actuated  simul 


taneously  (Kodak) ;  in  others  a  separate 
lever  opens  and  closes  the  shutter  blades 
(Wollensak) ;  and  in  still  others  depressing 
the  push  button  automatically  opens  the 
shutter,  necessitating  only  recocking  the 
shutter  for  the  next  exposure  (Ilex). 

Synchronization  for  Flash  Lamps,  The 
principal  requirements  of  a  good  synchro 
nizer  in  a  shutter  are  as  follows : 

(a)  The  shutter  must  function  properly 
•with  all  types  of  flash  lamps, 

(b)  After  time  delay  for  a  certain  type 
lamp   has   once  been  set  synchronization 
must  be  correctly  maintained. 

Principle  of  Built-in  Synchronizers.    The 

primary  technical  principle  of  all  synchro- 
devices  in  shutters  with  built-in  synchro 
nization  is  an  electric  switch  mechanism. 
First  it  closes  the  electric  circuit  ahead 


N*.^ 

SHUTTER-*0 
OUTLETS^ 


O  DIRECTION  OF  SPRING  TENSION 

O  DIRECTION  OF  RELEASE- MOVEMENT 

FIG,  6.11.    A  flash-lamp  synchronization  mech 
anism  of  the  Acme  Synchro  shutter. 
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of  the  shutter  opening  so  that  after  the 
required  time-delay  (5,  20,  23  milliseconds) 
the  full  opening  of  the  shutter  is  simul 
taneous  with  the  flash  peak.  Figure  6.11 
is  a  diagram  of  the  basic  design  of  the  Ilex 
"Acme  Synchro"  shutter.  If  synchro- 
lever  1  has  been  set  by  being  locked 
through  latch-lever  7,  release  of  trigger  5 
will  actuate  lateh-lever  7  and  permit  syn 
chro-lever  1  with  its  contact  to  slide  over 
contact  2,  closing  the  flash-bulb  circuit. 
After  having  traveled  for  a  predetermined 
time,  synchro-lever  1  hits  lever  3  starting 
the  shutter  release  9.  Stop  8  prevents 
trigger  5  from  releasing  the  shutter  if 
synchronizer  is  set.  The  duration  of  time- 
delay  between  closure  of  the  electric  cir 
cuit  and  start  of  the  shutter  opening  can 
be  adjusted  by  means  of  control  disc  6 
which  carries  contact  2.  If  adjustable 
contact  is  in  position  a,  contact  will  be 
made  shortly  after  synchro-lever  has  started 
its  travel ;  in  other  words,  the  longest  avail 
able  time-delay  elapses  from  the  time  the 
electric  circuit  was  closed  until  the  time 
of  shutter  release.  If  contact  2  is  shifted 
into  the  dotted  position  5,  contact  will  be 
made  shortly  before  shutter  opening,  the 
first  part  of  the  path  being  traveled  through 
idly,  resulting  in  shorter  time-lag.  Safety- 
switch  4  is  controlled  by  the  trigger  as 
well  as  latch-lever  7  in  their  "unset77  po 
sitions,  as  indicated  in  the  diagram  by 
5'  and  7'.  This  safety-switch  keeps  the 
electric  circuit  automatically  interrupted 
just  so  long  as  the  synchro-lever  is  not  set 
for  action  and  the  trigger  is  not  operated. 
This  establishes  a  fully  independent  syn 
chro-unit  which  is  wound  up  and  brought 
into  coordination  with  the  regular  shutter 
mechanism  by  setting  the  synchro-lever. 

To  secure  perfectly  synchronized  flash 
with  X  type  High  Speed  lamps  at  full 
shutter  opening,  the  lies  shutter  has  a 
second  contact  10.  For  0  (zero)  or  X  set 
ting,  the  control  disc  6  is  turned  clockwise 


so  far  that  it  moves  contact  2  entirely  out 
of  the  reach  of  synchro-lever  1.  Going 
through  the  same  mechanical  operation, 
synchro-lever  1  ,will  release  shutter  over 
lever  3  without  closing  the  electric  circuit. 
The  blades,  moving  into  a  predetermined 
position  at  full  shutter  opening,  now  close 
the  firing  circuit  over  the  second  contact 
10.  The  setting  of  the  synchro-lever  pro 
vides  in  this  case  not  only  mechanical 
shutter  release  but  permits  also  the  safety- 
switch  4  to  keep  the  electric  circuit  unin 
terrupted  and  ready  for  closure  through 
the  bladering  contact. 

The  Kodak  "Flash  Supermatic75  shutter 
with  built-in  flash  synchronization  also  has 
a  separate  setting  lever,  whereas  the  Wol- 
lensak  "Rapax77  needs  no  extra  cocking, 
but  requires  setting  the  time-delay  indi 
cator  back  to  the  "Off77  position,  in  case  a 
flash  lamp  should  be  in  the  battery  case 
and  no  circuit  closure  for  synchro-flash  is 
desired.  The  flash  contacts  in  the  new 
Kodak  "Synchro  Rapid  800 77  shutter  are 
automatic  in  operation  and,  therefore,  no 
special  cocking  for  flash  is  required. 

Shutter  Speeds  and  Exposure  Time.  The 
concept  of  shutter  speed  is  not  as  simple 
as  it  seems  and  requires  exact  definition. 
Consider  a  complete  shutter  operation 
cycle  as  graphically  represented  in  Fig. 
6.12.  In  this  graph  the  opening  of  the 


FIG.  6.12.     Graph  representing  the  opening  of 
a  lens  shutter  plotted  against  the  time. 
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shutter  is  plotted  in  relation  to  time.  At 
start  of  the  shutter  operation,  i.e.,  at  the 
instant  of  shutter  release  (time  t  =  0)  the 
shutter  blades  begin  to  open.  Time  TI 
is  required  by  the  shutter  to  open  fully 
aperture  A  (point  a).  The  shutter  blades 
stay  wide  open  for  a  time,  T2  (from  a  to 
Z>),  after  which  the  shutter  begins  to  close 
again.  After  elapse  of  closing  time  T3  the 
entire  cycle  is  completed,  having  consumed 
the  "Total  Open  Time  T."  Assume  that 
Total  Open  Time  T  is  l/100th  of  a  second 
=  10/1000th  of  a  second,  or  10  milliseconds. 
Obviously,  the  actual  amount  of  light  ad 
mitted  is  not  all  the  light  which  could  pass 
were  aperture  A  fully  open  during  the 
entire  cycle  (Total  Open  Time),  because 
a  considerable  part  of  it  has  been  con 
sumed  by  the  opening  and  closing  period, 
during  which  only  a  part  of  full  aperture 
A  admitted  light.  As  can  be  seen  from 
Fig.  6.12,  the  shutter  was  wide  open  only 
during  time  T2. 

Efficiency  of  Between-the-Lens  Shut 
ters.  The  actual  exposure  time,  therefore, 
will  be  the  time  which  would  permit  an 
equivalent  amount  of  light  to  pass  through 
an  ideal  shutter,  i.e.,  one  in  which  the  full 
aperture  is  open  during  the  entire  opera 
tion  cycle.  The  area  within  the  line  o-a-b-c 
in  Fig.  6.12  represents  a  measure  of  the 
actual  amount  of  light  admitted  during  the 
entire  shutter-operating  cycle.  By  geo 
metrical  relation  this  trapezoidal  area  is 


whereby 


represents  the  effective  exposure  time. 

The  Total  Open  Time  T  would  be  equal  to 
the  actual  or  effective  exposure  time  Te, 
if  a  shutter  existed  which  could  open  and 
close  so  rapidly  that  the  two  periods  TI 


and  T3  would  become  infinitely  small.  Fig 
ure  6.13  is  an  operating  diagram  of  such 
an  ideal  shutter  of  100%  efficiency,  but  this, 
of  course,  is  practically  impossible;  there 
fore,  the  efficiency  of  a  shutter  at  full  aper- 


FIG.  6.13.     Graph   representing   the   operation 

cycle  of  an  "ideal"  shutter  with  an  efficiency 

of  100%. 

ture  is  always  below  100%  and  may  be  ex 
pressed  mathematically  by  the  ratio  of  the 
effective  exposure  time  Te  to  the  Total 
Open  Time  T 


Efficiency 


F-* 

E  - 


2T 


100% 


•100% 


It  can  be  seen  from  this  formula  that 
the  efficiency  E  would  become  100%  if 
the  subtracted  part,  consisting  of  TI  and 
T3,  would  become  zero,  i.e.,  if  opening  and 
closing  time  were  to  disappear.  In  a  cor 
rectly  designed  shutter,  the  opening  and 
closing  times  remain  constant  for  any 
speed,  since  only  time  T2,  during  which 
the  shutter  blades  stay  wide  open, 
is  prolonged  for  longer  exposures.  It 


can   further   be    seen   that   term 


2T 


will  become  smaller,  as  T,  Total  Open 
Time,  becomes  larger,  since  T  appears  in 
the  denominator,  while  the  numerator  re 
mains  constant.  This  may  be  proved 
graphically  in  Fig.  6.14,  where  the  opening 
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FIG.  6.14.     Graph    representing   the    operation 
cycle  of  an  efficient  lens  shutter. 

and  closing  times  already  appear  to  be 
relatively  small  as  compared  with  Total 
Open  Time  T.  In  other  words,  efficiency 
quickly  improves  with  longer  exposure 
times,  and,  consequently,  the  effective  or 
actual  exposure  time  will  not  differ  much 
from  the  Total  Open  Time  T.  An  example 
with  actual  figures  will  make  this  clear. 
Assume  that  a  shutter  has  a  top  speed  of 
5  milliseconds  Total  Open  Time.  The  worst 
possible  performance  from  any  shutter  of 
this  type  is  that  case  wherein  Total  Open 
Time  consists  only  of  opening  time  TI  and 
closing  time  T3,  and  where  no  time  is  left 
for  the  wide  open  period  T2.  As  a  practi 
cal  example,  this  case  could  occur  with  a 
double-ended  blade  shutter,  where  there  is 
no  reversal  of  blade  movement;  hence  no 
stoppage  of  blades  occurs  when  wide  open. 
The  operating  diagram  of  such  a  shutter  is 
shown  in  Fig.  6.15.  The  shutter  opens  in 
2^  milliseconds  and  immediately  starts  to 
close,  completing  its  closure  in  another  2J 


FIG.  6.15.     Graph   representing   the    operation 
cycle  of  a  double-ended  blade  shutter. 


milliseconds.    The  actual  exposure  time  Te 
would  be 


-    i 


2.5  +  2.5 


=  2.5  milliseconds 


2.5  milliseconds  corresponds  to  1/400  of  a 
second  effective  exposure  time.  The  effi 
ciency  in  this  case  is  : 


E  =     1  - 


2T 


•  100% 


=  (l  -^)  -100%  =  50% 

In  other  words,  the  lowest  possible  effi 
ciency  in  a  between-the-lens  shutter  can  be 
no  less  than  50%.  x  Now,  assume  that  an 
exposure  time  of  l/25th  of  a  second  or  40 
milliseconds  is  desired.  If  the  effective  ex 
posure  time  Te  is  to  be  40  milliseconds,  the 
Total  Open  Time  T  must  be  42|  milli 
seconds  in  a  shutter  with  opening  and  clos 
ing  time  of  2£  milliseconds  each.  The  effi 
ciency  in  this  case  is 


=  (1  -  0.0588)  -100%  =  94.12% 

With  an  actual  exposure  time  of  l/25th  of 
a  second,  the  Total  Open  Time  T  and  the 
effective  exposure  time  Te  are  not  much 
different  (only  6%),  since  the  efficiency  has 
risen  to  about  94%.  It  is  to  be  noted,  also, 
that  in  the  previous  example  of  5  milli 
seconds  Total  Open  Time,  the  actual  ex 
posure  time  was  l/400th  of  a  second,  al 
though  5  milliseconds  are  equivalent  to 
l/200th  of  a  second.  This  enormous  dis 
crepancy  was  caused  by  the  50%  efficiency 
at  top  speed. 

Possible  Exposure  Errors.  The  length 
of  exposure  time  is  not  the  only  factor  that 
influences  shutter  efficiency.  Efficiency  and 


i  All  statements  to  the  effect  that  shutter  effi 
ciency  may  run  lower  than  50%  are  therefore  wrong. 
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effective  exposure  time  also  depend  consid 
erably  on  the  chosen  aperture.  If,  for  ex 
ample,  the  diaphragm  has  been  stopped 
down  two  stops,  which  means  that  the  lens 
aperture  has  been  reduced  to  one  quarter 
of  its  full  light-admitting  area,  the  effi 
ciency  of  50%  (Fig.  6.15)  will  be  changed 
decidedly,  as  shown  in  Fig.  6.16.  Assuming 


FIG.  6.16.     Graph  of  the  operation  cycle  of  a 

lens  shutter  showing  the  effect  of  the  size  of 

the  diaphragm  on  exposure. 

that  opening  time  TI  and  closing  time  T3 
are  reduced  to  one  fourth  the  original  open 
ing  and  closing  times  at  full  aperture 
and  that  TI  and  T3  are  equal,  which  is 
correct  for  all  practical  purposes, 

2  5 
Tl  =  Tz  =  -j-  =  0.625  millisecond 

The  actual  exposure  time  will  be  T6  =  5  — 
0.625  =  4.375  milliseconds  or  l/230th  of  a 
second.  This  considerable  difference  in  ef 
fective  exposure  time  reveals  a  considerable 
change  in  efficiency  which  now  is 


.  100%  =  87.5% 


(compared  with  only  50%  at  full  aper 
ture).  The  actual  amount  of  light  ad 
mitted  in  this  case  is 

j-  4.375  =  1.094A 

A  photographer  who  expects  an  exposure 

A 
time  of  y-  2.5  =  0.625  A  with  the  diaphragm 

stopped  down  to  one  quarter  of  full  aper 


ture  would,  therefore,  overexpose  75%, 
if  he  were  not  aware  of  this  efficiency 
change.  Were  he  aware  of  the  changed  effi 
ciency  (87.5%)  at  the  smaller  opening,  he 
would  have  figured  5  •  0.875  •  ±A  =  1.094 
A  and  accordingly  would  have  exposed  cor 
rectly. 

This  example  was  chosen  to  show  that  not 
only  speed,  but  aperture  as  well,  affects  the 
efficiency  of  a  shutter.  This  explains  why 
an  exact  definition  of  speed  is  not  easy, 
and  also  why  data  on  shutter  efficiency  at 
top  speed  and  at  full  aperture  are  of  little 
help  to  the  practical  photographer,  who 
certainly  cannot  be  burdened  with  lengthy 
calculations  or  elaborate  tables  whenever 
he  changes  speed  or  aperture. 

Fortunately,  the  situation  is  not  so  criti 
cal  in  practice,  because  small  apertures  and 
top  speeds  are  rarely  used  in  combination, 
especially  with  slow  color  film,  the  small 
latitude  of  which  allows  for  no  such  error. 

With  slower  speeds,  an  error  resulting 
from  change  of  aperture  is  not  very  great. 
For  example,  at  a  speed  of  l/100th  of 
a  second  (10  milliseconds),  the  operation 
diagram  of  that  same  shutter  would  ap 
pear  like  Fig.  6.17.  With  opening  and 


— v 


•JF- 


>§ 


FIG.  6.17.     Graph  of  the  operation  cycle  of  a 
lens  shutter  at  1/100  sec. 

closing  time  TI  and  T3  remaining  constant 
at  all  speeds  (in  the  chosen  example  2.5 
milliseconds  each),  the  effective  exposure 
time  at  full  aperture  Te  =  10  milliseconds 
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and  the  efficiency  of  the  shutter  is 


-100%  =  80% 


and  the  Total  Open  Time  is  12.5  millisec 
onds.  At  an  aperture  equal  to  one  quarter 
of  full  aperture,  the  efficiency  would  then 
become 


E  =     1  - 


1.25 
25 


•100%  =  95% 


since  all  figures  remained  constant  except 
opening  and  closing  times  which  were  re 
duced  to  one  quarter  of  corresponding 
periods  of  full  aperture.  The  effective  ex 
posure  time  would  be  T.E  -  11.875  milli 
seconds.  The  actual  amount  of  light  ad 
mitted,  considering  the  smaller  aperture, 

A 

would  be  11.875- j  =  2.969  A  compared  to 

the  (erroneously)  expected  exposure  of  -^ 

A  =  2.5  A.  In  this  case  the  error  amounts 
to  only  18  per  cent  which  lies  suitably 
within  the  latitude  of  color  film. 

These  phenomena  are  the  result  of  geo 
metric  conditions  and  cannot  be  escaped. 
The  object  lesson  is  that  slower  speeds  are 
the  means  to  accurate  exposure  wherever 
change  of  aperture  is  involved. 

To  minimize  exposure  errors  at  top 
speeds  (l/300th  or  l/400th  of  a  second 
and  beyond)  it  has  been  suggested  to  de 
termine  the  efficiency  E,  not  at  maximum 
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shutter  opening  but  at  half  the  area  of  the 
maximum  shutter  opening.  By  comparing 
the  diagram  in  Fig.  6.18  with  that  in  Fig. 


FIG.  6.18.     Graph  of  the  operational  cycle  of 

a  lens  shutter  showing  method  of  determining 

efficiency    (E)    from   half    the    maximum    dia 

phragm  opening. 


6.15,  the  difference  is  readily  noted. 
ciency  E  at  half  the  area  is  now 


Effi 


E  =     1  - 


2T 


-.  100%  =  75% 


If  the  photographer  considers  his  shutter 
to  be  75%  efficient  at  top  speed,  the  only 
errors  he  would  make  in  changing  aperture 
are  given  in  Table  6.1. 

From  Table  6.1  it  is  seen  that  the  maxi 
mum  error  is  only  33%  if  the  shutter  is 
considered  75%  efficient,  as  against  a  maxi 
mum  error  of  75%  if  efficiency  at  maximum 
aperture  is  considered  as  the  basis  of  com 
putation. 

Most  photographers  are  not  concerned 
with  efficiency,  and  rightly  so  ;  but  to  those 
who  are,  this  demonstrates  the  difficulty  of 


TABLE   6.1 


Amount  of 

Amount 

Aperture 

Total  Open 
Time 

Opening  and 
Closing 
Time 

Efficiency 

Actual 
Amount 
of  Light 
Admitted 

Light 
Expected 
If  Sis 
Considered 

Exposure 
Error  in  % 
GE-50%) 

Light 
Expected 
HE  la 
Considered 

Exposure 
Error  in  % 
(£=75%) 

Constant 

Constant 

A 

T 

Ti  +  Tz 

E 

Tc-A 

at  50% 

at  75% 

1 

5 

5 

50% 

2.5 

2.5 

0% 

3.75 

-33% 

i 

5 

2.5 

75% 

1.88 

1.25 

+50% 

1.88 

0% 

1 

4 

5 

1.25 

87.5% 

1.06 

0.625 

+75% 

0.94 

+10% 

THE  LIGHT-VALVE  SCALE 
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stating  definite  speeds  for  a  shutter.  It  is 
impossible  to  make  positive  statements  as 
to  shutter  speed  unless  all  circumstances 
and  influencing  factors  are  carefully  con 
sidered.  As  previously  pointed  out,  the 
error  is  considerable  only  at  the  highest 
speed  where  efficiency  might  drop  almost 
to  50%  (see  Fig.  6.19).  The  graph  shows 
how  quickly  efficiency  increases  at  small 
apertures  as  well  as  at  slower  speeds. 


70 


60 


4         56       Q        ~ft 


32 


FIG.  6.19.     Shutter  efficiency  in  relation  to  ex 
posure   time   and  //number. 

In  order  to  avoid  serious  errors  in  ex 
posure  the  following  should  be  kept  in 
mind: 

1.  Efficiency  depends  on  shutter  design. 
The  shorter  the  opening  and  closing  periods 
of  the  shutter  blades,  the  higher  the  effi 
ciency. 

2.  Efficiency  changes  with  the   shutter 
speed.     It  decreases  with  faster  speeds  in 
the  same  shutter. 

3.  Efficiency  also  changes  with  the  dia 
phragm    opening.      At   the    same    shutter 
speed  it  increases  with  smaller  diaphragms. 
Therefore,  the  highest  efficiency  is  to  be 
expected  with  slow  shutter  speeds  in  com 
bination  with  small  diaphragm  openings, 
but  it  can  never  reach  100%.     The  lowest 
efficiency  occurs  with  the  maximum  aper 
ture  and  fastest  shutter  speed,  but  it  will 
never  be  worse  than  50%. 


"The  efficiency  of  between-the-lens  shut 
ters  at  a  particular  diaphragm  opening  and 
a  particular  exposure  time  setting  is  the 
ratio  of  the  quantity  of  light  actually  trans 
mitted  by  the  shutter  at  those  settings  to 
the  quantity  of  light  that  would  have  been 
transmitted  had  the  shutter  been  fully  open 
at  that  diaphragm  opening  for  that  total 
open  time. J ' 2 

Exposure  to  Stop  Motion.  Stopping  mo 
tion  with  high-speed  exposure  deserves  con 
sideration  because  of  popular  misconcep 
tions  : 

1.  An  absolute  motion-stopping  speed  is 
nonexistent;  although  the  outlines  in  the 
picture  appear  to  be  sharp  and  clearly  de 
fined,  blur  resulting  from  motion  is  merely 
not  visible  to  the  unaided  eye. 

2.  With  increasing  enlargement  this  blur 
becomes  increasingly  visible ;  therefore,  the 
degree   of   final   enlargement   governs   the 
amount  of  permissible  blur. 

3.  The  angle  between  the  line  of  motion 
and  the  focal  plane  controls  the  depicted 
travel  of  a  moving  object  and,  therefore, 
determines  the  maximum  shutter  speed  to 
be  used. 

The  diagrams  in  Fig.  6.20  show  how  di 
rection  of  motion  influences  the  extent  of 
blur.  When  the  angle  is  zero,  or  the  direc 
tion  of  motion  is  parallel  to  the  film  plane, 
the  recorded  travel  of  a  moving  object  may 
have  length  a.  When  the  angle  (B  in  Fig. 
6.20)  lies  between  0°  and  90°,  length  6 
is  recorded;  whereas  with  the  movement 
directly  toward  the  camera  (90°  angle), 
only  a  point  c  is  registered,  which  means 
that  despite  the  object  movement  a  con 
siderably  lower  shutter  speed  is  permissible. 

The  Light-Value  Scale.  In  selecting  the 
proper  shutter  setting  two  important  fac 
tors  must  be  considered.  Obviously,  for 
stopping  fast  motion,  high  shutter  speeds 


2  ASA   Standard  PH.3.4-1952. 
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direction  of  molion 


FIG.  6.20.     Effect  of  direction  of  a  moving  object  on  the  displacement  of  the 

image  on  the  film. 


are  desirable.  In  many  cases,  however, 
the  requirements  of  depth  of  field  deter 
mine  the  diaphragm  and  this  in  turn  the 
shutter  speed. 

In  order  to  facilitate  this  task  of  adjust 
ing  speed  and  diaphragm  opening  under 
given  light  conditions,  the  relationship  be 
tween  diaphragm  openings  and  shutter- 
speed  settings  has  been  made  as  simple  as 
possible.  The  conventional  diaphragm 
scale  is  marked  so  that  each  smaller  open 
ing  requires  double  the  exposure  time  of 
the  preceding  diaphragm.  The  shutter- 
speed  scale  in  turn  is  arranged  so  that 
each  slower  speed  represents  approximately 
double  the  exposure  time  of  the  preceding. 
For  example,  if  1/200  of  a  second  has  been 
found  correct  for  //2,  the  next  smaller  dia 
phragm,  //2.8,  would  require  twice  the  ex 
posure  time,  or  1/100  of  a  second.  Thus 
no  complicated  mathematical  computations 
are  necessary. 

However,  the  latest  development  in  shut 
ter  design  has  simplified  this  still  more  by 
making  the  relation  between  shutter  speed 
and  diaphragm  opening  automatic. 

By  making  the  spacings  for  the  dia 
phragm  openings  and  speed  settings  equal 


it  is  possible  to  engage  mechanically  the 
speed  setting  cam  with  the  diaphragm  set 
ting  lever.  Once  the  proper  correlation  be 
tween  //stop  and  shutter  speed  has  been 
determined  by  an  exposure  meter,  the  re 
sulting  "light  value"  can  be  kept  un 
changed  by  coupling  speed  cam  and  dia 
phragm  lever.  Any  change  in  shutter  speed 
will  then  automatically  set  the  proper 
//stop  corresponding  to  that  "light  value." 

In  order  to  cover  the  range  of  possible 
light  conditions,  the  light  value  0  was  as 
signed  to  an  exposure  time  of  1  sec.  at  //I. 
The  following  value  1  represents  double 
the  light  value  0,  hence  requires  \  sec.  at 
//I,  or  1  sec.  at  the  next  smaller  aperture 
stop  of  //1.4.  Light  value  2  is  double  the 
light  value  1  or  four  times  the  value  0. 
Thus,  a  Light-value  scale  (LVS)  of  1  to  20 
covers  all  practical  requirements,  i.e.,  ex 
posure  times  from  1/500  sec.  to  1000  sec., 
and  //numbers  from  //I  to  //45. 

For  more  accurate  correlation  between 
//stops  and  shutter  speeds,  the  conventional 
speed  scale  1,  2,  5,  10,  25,  50,  100,  250,  500 
has  been  changed  to  1,  2,  4,  8,  15,  30,  60, 
125,  250,  500.  This  new  scale  makes  the  dif- 
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TABLE   6.2.      SHUTTER  SPEED  AND  LENS  OPENING  EQUIVALENTS 
OF   EXPOSURE-VALUE   NUMBERS 


Exposure- 
Value  Nos. 

Shutter  Speeds,  //stops 

2 

2.8 

4 

5.6 

8 

11 

16 

22 

2 

1 

3 

1/2 

1 

4 

1/4 

1/2 

1 

5 

1/8 

1/4 

1/2 

1 

6 

1/15 

1/8 

1/4 

1/2 

1 

7 

1/30 

1/15 

1/8 

1/4 

1/2 

1 

8 

1/60 

1/30 

1/15 

1/8 

1/4 

1/2 

1 

9 

1/125 

1/60 

1/30 

1/15 

1/8 

1/4 

1/2 

1 

10 

1/250 

1/125 

1/60 

1/30 

1/15 

1/8 

1/4 

1/2 

11 

1/500 

1/250 

1/125 

1/60 

1/30 

1/15 

1/8 

1/4 

12 

1/500 

1/250 

1/125 

1/60 

1/30 

1/15 

1/8 

13 

1/500 

1/250 

1/125 

1/60 

1/30 

1/15 

14 

1/500 

1/250 

1/125 

1/60 

1/30 

15 

1/500 

1/250 

1/125 

1/60 

16 

1/500 

1/250 

1/125 

17 

1/500 

1/250 

18 

1/500 

ferenee  in  speed  settings  more  nearly  as 
the  power  of  2. 

The  LVS  shutters  prompted  the  market 
ing  of  exposure  meters  with  LVS  values, 
although  those  without  LVS  indications  can 
easily  be  used  (Table  6.2). 

Stereo  Shutters.  For  stereo  photogra 
phy  perfectly  matched  lenses  must  be  used, 
and  exactly  the  same  exposure  time  is  neces 
sary  for  the  two  stereo  halves.  To  provide 
equal  exposure  time  in  stereo  cameras  a 
"master  shutter'7  is  coupled  with  a  "slave 
shutter."  The  master  shutter  is  equipped 
with  a  complete  shutter  mechanism;  the 
slave  shutter  has  only  a  diaphragm  and 
shutter  blades,  both  coupled  to  the  master 
shutter  and  controlled  by  it. 

Testing  of  Shutter  Speeds.  There  are 
three  methods  of  measuring  shutter  speed : 
(1)  actual  light  admitted,  (2)  "Total  Open 
Time,77  and  (3)  methods  recording  the  com 
plete  cycle  of  shutter  operation  through 
its  three  periods. 


Complete  measurements  of  shutter  speeds 
must  show  the  three  important  periods  of 
the  entire  shutter  operation  cycle,  the  open 
ing,  the  wide  open,  and  the  closing,  periods. 

Because  of  their  very  nature,  methods 
measuring  actual  amount  of  light  admitted 
are  the  simplest.  Many  of  them  can  be 
performed  by  any  amateur  of  even  little 
mechanical  ability. 

Measurement  of  Actual  Exposure  Time. 
A  simple,  and  for  all  practical  purposes 
sufficiently  exact,  method  is  the  measure 
ment  of  actual  exposure  time  by  the  result 
as  it  appears  on  the  exposed  film.  It  is 
based  on  the  assumption  (not  absolutely 
correct  scientifically)  that,  for  example,  200 
exposures  at  l/200th  of  a  second  and  one 
single  exposure  at  one  second  will  produce 
the  same  negative  density.  The  practical 
tester  will,  for  example,  compare  20  times 
l/200th  with  10  times  l/100th,  or  with  5 
times  1/5 Oth,  or  with  l/10th  (or  5  times 
l/25th  with  two  times  l/10th,  or  with  one 
1/5 th).  If  the  recorded  density  on  the 
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film  is  uniform,  then  speeds  may  be  as 
sumed  to  be  approximately  correct. 

Other  simple  methods  for  testing  shutter 
speeds  are  based  on  making  a  photographic 
record  of  a  body  moving  at  a  known  ve 
locity.  To  mention  only  a  few  of  these, 
the  full  swing  of  a  pendulum  with  pre 
determined  period  of  oscillation,  or  the 
trace  of  any  object  falling  freely  under  the 
acceleration  of  gravity.  In  this  latter  case 
the  calculation  is  based  on  the  well-known 
formula  v=  2gs,  in  which  g  is  the  accelera 
tion  of  gravity  (980.6  cm.  per  sec.2)  and  5 
is  the  space  through  which  the  body  has 
fallen  up  to  the  moment  when  the  recording 
of  its  speed  begins. 

Another  means  of  achieving  a  predeter 
mined  speed  is  that  of  using  a  white  mark 
on  the  turntable  of  a  phonograph,  or  a  disc 
driven  by  a  synchronous  motor. 

In  all  these  methods  the  moving  object 
will  record  a  trace  on  the  negative,  the 
length  of  which  will  permit  evaluation  of 
the  time  the  shutter  was  open.  A  con 
venient  modification  of  these  methods  con 
sists  in  photographing  a  neon  lamp  while 
moving  the  camera.  In  this  case  the  camera 
need  not  be  moved  at  any  specific  speed, 
since  neon  lamps  glow  alternately  with  the 
frequency  of  AC  current.  For  example,  on 
60  cycle  AC  current,  the  neon  lamp  will 
glow  120  times  per  second  and  a  series  of 
bright  dots  similar  to  beads  on  a  string  will 
be  recorded,  each  dot  representing  l/120th 
of  a  second.  Obviously,  this  latter  method 
can  be  used  only  for  testing  speeds  up  to 
l/100th  of  a  second,  or  slower. 

It  should  be  remembered  that  all  these 
methods  record  actual  exposure  time,  since 
the  opening  and  closing  time  of  the  shut 
ter  will  be  recorded  only  in  part.  The 
records  all  begin  and  end  in  a  faded  line, 
becoming  brighter  and  stronger  as  the 
opening  increases.  Since  the  exact  point 
where  the  visible  trace  begins  to  be  re 
corded  on  the  film  cannot  be  accurately  de- 


termined,  these  methods  are  sufficiently  ac 
curate  for  all  practical  purposes,  but  they 
do  not  render  an  exact  picture  of  the  en 
tire  shutter  operation  cycle. 

Measurement  of  Total  Open  Time  and 
Efficiency.  Measurement  of  Total  Open 
Time  and  Efficiency  is  possible  only  with 
more  complicated  apparatus.  Some  of  these 
methods  are  based  on  the  principle  of  re 
cording  the  opening  and  closing  of  the  shut 
ter  on  a  moving  film;  others  employ  elec 
tronic  methods  of  time  measurement. 

Electronic  methods  are  being  used  to 
measure  the  amount  of  light  admitted  as 
well  as  the  Total  Open  Time.  In  measuring* 
the  amount  of  light  admitted,  a  photoelec 
tric  cell  charges  a  condenser  as  soon  as  the 
shutter  begins  to  open,  and  the  charging 
stops  at  the  instant  closure  is  complete. 
The  greater  the  amount  of  light  passing 
through  the  shutter,  the  greater  will  be  the 
electrical  charge  of  the  condenser.  By  dis 
charging  the  condenser  into  a  ballistic 
galvanometer  the  amount  of  the  charge  will 
be  indicated.  If  correctly  calibrated,  the 
galvanometer  reading  will  give  a  measure 
ment  of  the  amount  of  light  actually  ad 
mitted. 

To  measure  Total  Open  Time,  an  elec 
tronic  circuit  is  employed  which  measures 
the  time  interval  from  the  very  beginning 
of  light  admission  to  its  very  end,  and  not, 
as  in  the  previous  ease,  the  actual  amount 
of  admitted  light.  This  "Total  Open 
Time"  remains  the  same  regardless  of 
diaphragm  opening  chosen,  since  the  shut 
ter  opens  from  the  center  and  closes  toward 
the  center. 

A  very  exact  method  of  recording  the 
entire  shutter  operating  cycle  was  devel 
oped  by  A.  H.  Katz,  of  the  Aerial  Photo 
graphic  Laboratory  at  Wright  Field,  dur 
ing  the  war. 

Testing  for  Synchronization.    The  prob- ' 
lem  here  is  to  measure  the  time-lag  between 
the  closing  of  the  electric  circuit  and  the 
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instant  the  shutter  is  wide  open.  Again, 
testing  principles  may  be  classified  into 
(1)  those  producing  a  photographic  record 
and  (2)  those  based  on  electronic  devices. 
Electronic  methods  are  faster  and  therefore 
more  suitable  for  testing  shutters  in  large 
numbers. 

The  simplest  method,  which  may  be  ap 
plied  by  any  amateur  photographer,  con 
sists  of  photographing  a  flashing  bulb.  A 
piece  of  bromide  paper  (in  place  of  the 
film)  exposed  at  the  top  shutter  speed  with 
the  synchronizer  in  action  will  show,  after 
development,  a  picture  of  the  flash  bulb.  If 
the  flash  bulb  appears  absolutely  black,  the 
shutter  is  well  synchronized;  but,  if  it  is 
partly  shaded  or  if  the  fine  wires  or  foil 
shreds  can  be  seen,  synchronization  is  not 
accurate.  If,  with  the  same  synchro-setting, 
another  picture  is  taken  at  a  slower  speed, 
and  a  well-exposed  picture  of  the  lamp  is 
obtained,  it  proves  that  the  synchro-delay 
is  too  short,  and  this  is  now  compensated  for 
by  the  longer  exposure.  If  no  picture  is 
obtained  even  then,  time-lag  is  too  long,  i.e., 
the  shutter  does  not  begin  its  operating 
cycle  until  after  the  flash  bulb  has  already 
reached  its  peak. 

Various  electronic  devices  have  been  de 
signed  which  permit  fast  and  reliable  de 
termination  of  the  accuracy  of  synchroniza 
tion.  One  of  these  methods  involves  a  basic 
electronic  circuit  with  a  thyratron  tube,  a 
condenser,  and  a  resistor.  A  condenser  is 
charged  from  the  instant  the  electric  cir 
cuit  of  the  synchronizer  closes.  At  the 
start  of  the  shutter  opening,  light  passes 
through  the  opening  blades,  activating  a 
photocell  which  in  turn  stops  charging  of 
the  condenser.  The  amount  of  charge  in 
the  condenser  is  a  measure  of  the  time  in 
terval  between  circuit  closing  and  shutter 
opening.  This  condenser  charge  is  applied 
to  a  degenerative  vacuum  tube  voltmeter 
which,  calibrated  in  time  units,  directly  in 
dicates  the  elapsed  time. 


Technical  Aspects  of  Higher  Shutter 
Speeds.  With  the  advent  of  faster  emul 
sions  and  lenses  of  larger  aperture,  a  de 
mand  for  still  higher  shutter  speeds  has 
developed.  Although  ordinarily  it  is  sel 
dom  that  the  top  speed  of  present-day 
shutters  is  required,  there  does  exist  for 
certain  purposes  a  definite  need  for  still 
higher  shutter  speeds.  Attempts  to  design 
between-the-lens  shutters  with  higher  speeds 
are  being  made  constantly,  but  the  problem 
is  extremely  difficult  and  no  satisfactory  so 
lution  is  in  sight  at  present.  The  problems 
involve  mechanical  considerations  and,  to 
a  lesser  degree,  limitations  in  size  and  cost. 
For  example,  the  parts  of  a  shutter  blade, 
pins,  pivots,  etc.,  must  be  as  light  as  pos 
sible  but  sufficiently  strong  to  withstand 
the  strains  set  up  in  the  rapid  movements 
in  opening,  stoppage  and  closing,  which 
involves  a  reversal  of  motion.  Since  the 
blades  must  be  close  together  to  be  light- 
tight,  friction  is  inevitable.  Stronger 
springs  would  provide  greater  power  for 
higher  speeds  but  would  increase  strain  and 
result  in  greater  wear  and  tear  of  all  parts. 
Heavier  parts  to  withstand  the  added 
strain  would  require  more  space  and  in 
creased  driving  power  of  the  spring. 
Jewel  bearings  would  lessen  friction  but 
cannot  withstand  the  shocks  and  rough 
handling  which  many  shutters  receive. 
Lastly,  all  of  these  would  require  a  larger 
and  more  costly  shutter,  and  the  trend  in 
modern  hand  cameras  is  toward  greater 
compactness,  thus  limiting  the  over-all  size 
of  the  shutter. 

All  this  should  not  be  construed  to  mean 
that  faster  shutters  cannot  or  will  not  be 
designed.  Attempts  to  design  shutters 
with  higher  speeds  are  continually  being 
made.  Besides  the  aforementioned  method 
involving  double-ended  blades,  some  in 
ventors  have  attempted  to  use  two  sets  of 
blades  timed  so  that  one  set  is  opening 
while  the  other  is  closing.  This  idea  is  not 
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FIG.  6.21.     Exposure  with  the  focal- 
plane   shutter. 

new  and  has  been  revived  time  and  again. 
The  principal  objection  to  such  a  mecha 
nism  is  that  in  the  achievement  of  higher 
speeds  the  blades  of  the  open  set  will  have 
to  start  closing  even  before  the  closed  set 
has  completed  its  opening.  Consequently, 
they  will  meet  somewhere  in  a  half-open 
and  half-closed  position,  reducing  maxi 
mum  aperture  just  when  it  is  most  needed. 
Despite  this,  shutters  with  a  top  speed 
of  1/1000  second  have  been  developed  with 
apertures  up  to  1  inch. 

Focal-Plane  Shutters,  The  focal-plane 
shutter  has  provided  one  answer  to  the 
need  for  extremely  high  shutter  speeds  up 
to  l/1000th  of  a  second  and  higher. 

Focal-plane  shutters  operate  according  to 
an  entirely  different  mechanical  principle. 
Instead  of  moving  blades  between  the  lens 
elements,  a  curtain  is  positioned  near  the 
focal  plane.  The  curtain  is  opaque  and 
highly  flexible  and  is  tensioned  between 
two  rollers.  A  slit  in  the  curtain  across  the 


line  of  movement  admits  light  to  the  film, 
and  various  adjustable  spring  tensions  pull 
the  curtain  across  the  focal  plane  at  differ 
ent  speeds.  Slits  of  different  width  in  com 
bination  with  different  spring  tensions  re 
sult  in  a  great  variety  of  speeds. 

Total  Exposure  Time  vs.  Local  Exposure 
Time.  Distortion.  Figure  6.21  indicates 
the  outlines  of  the  picture  size  a,  the  curtain 
c  with  slit  s.  When  curtain  c  moves  across 
frame  a,  slit  s  admits  light  to  the  film.  Un 
like  the  between-the-lens  shutter,  such  an 
exposure  will  not  be  completed  at  the  same 
instant,  but  rather  strip  by  strip.  Assume 
that  slit  s  equals  1/20  of  frame  size  a,  then 
exposure  of  the  entire  frame  is  actually  ac 
complished  in  consecutive  strips  of  width  s. 
The  fact  that  there  is  no  reversal  from  an 
opening  to  a  closing  movement,  as  in  a 
between-the-lens  shutter,  but  only  one  con 
tinuous  motion  also  accounts  for  faster 
speed.  It  should  be  observed  that  "  Total 
Exposure  Time"  is  the  time  from  exposure 
of  the  first  strip  of  the  film  to  the  moment 
when  the  last  strip  has  been  exposed,  while 
li Local  Exposure  Time"  is  the  period  in 
which  each  point  on  the  film  is  actually 
exposed.  If,  for  example,  l/1000th  of  a 
second  (one  millisecond)  exposure  time  is 
required,  and  the  curtain  has  been  adjusted 
so  that  it  moves  at  such  a  speed  that  the 
width  of  slit  s  is  traversed  in  that  exact 
time,  then  the  last  strip  "20"  in  Fig.  6.21 
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FIG.  6.22.     Distortion  with  the  focal-plane  shutter. 
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will  be  traversed  20/1000  (20  milliseconds) 
after  the  first  width  "1"  has  been  exposed. 
Obviously,    a    fast    moving    object    photo 
graphed  at  l/1000th  of  a  second  may  well 
be  "stopped"  in  motion  and  a  satisfactorily 
sharp  picture,  strip  by  strip,  may  result. 
However,  after  20  milliseconds,  when  the 
last  strip  is  being  exposed,  the  position  of 
the  fast  moving  object  might  well  have 
changed  in  the  interim,  inevitably  result 
ing  in  a  distortion  of  the  pictured  object. 
The  extent  of  this  distortion  will  depend 
largely   on   the   relationship   between   the 
direction   of   the   moving   object   and   the 
direction  of  the  moving  curtain  slit.     A 
square-shaped  object,  moving  left  to  right 
in  the  focal  plane  at  a  certain  speed  v  in 
Fig.  6.22,  moves  from  its  original  position 
(1,  2,  3,  4)  to  its  new  position  (!',  2',  3', 
4').     If  the  curtain  travels  in  the  same 
direction  a  in  Fig.  6.22,  and  requires  the 
same  time  for  the  complete  cycle  of  ex 
posure  from  the  very  first  strip  to  the  last, 
this  last  strip  of  film  will  be  exposed  when 
the  image  of  the  square  in  the  film  plane 
has  already  moved  to  the  new  position  (!', 
2',  3',  4').    Consequently,  the  image  of  the 
square  will  assume  rectangular  shape   (1, 
2',  3',  4)  in  Fig.  6.22a,  i.e.,  it  will  appear 
longer   (distorted).     Should  the  slit  move 
in  a  direction  opposite  to  that  of  the  pic 
tured  object  motion,  as  indicated  by  arrow 
I,  then  the  image  of  the  square  will  become 
rectangular  with  shortened  horizontal  sides 
(!',  2,  3,  4')  in  Fig.  6.22b.    If  the  curtain 
moves  in  the  direction  of  arrow  c,  then 
the  last  strip  at  the  bottom  will  be  exposed 
when  the  edges  (1,  2)  will  have  moved  to 
a  new  position  (!',  2'),  and  the  resulting 
image  of  the  square  will  be  distorted  into 
a  parallelogram  (!',  2',  3,  4)  in  Fig.  6.22c. 
With  the  curtain  moving  in  direction  d, 
the  last  strip  will  image  line  (3,  4)  in  the 
new  position  (3',  4')  to  which  it  has  pro 
ceeded   in   the   meantime,   resulting   in   a 


parallelogram  (1,  2,  3',  4')  as  shown  in 
Fig.  6.22d. 

In  general,  these  distortions  are  not  ob 
jectionable,  since  in  most  cases  they  will 
be  scarcely  noticeable.  In  some  photo 
graphic  applications,  however,  distortion  is 
highly  objectionable,  e.g.,  in  aerial  pho 
tography  for  mapping,  precluding  the  use 
of  the  focal-plane  shutter. 

Factors  Affecting  Exposure  with  a 
Focal-Plane  Shutter.  In  discussing  the 
factors  involved  in  the  timing  of  the  focal- 
plane  shutter,  its  position  at  a  distance  in 
front  of  the  focal  plane  must  be  considered 
(see  Fig.  6.23).  In  some  cameras  this  dis- 


FIG.  6.23.     Effect  of  distance  between  curtain 

and  focal  plane  on  exposure  with  a  focal-plane 

shutter. 

tance  d  is  appreciably  large.  Figure  6.23 
shows  how  the  slit  of  the  curtain  with  its 
width  s  approaches  the  light  cone-  coming 
from  an  infinitely  distant  point  after  pass 
ing  through  lens  of  aperture  A,  imaging 
point  P  in  the  focal  plane.  At  distance 
d,  the  light  cone  admitted  through  slit  s 
has  not  yet  entirely  converged  to  point  P 
and  therefore  still  has  a  considerable  di 
ameter  o.  The  six  distinctly  different  ex 
posure  phases  of  point  P  are  indicated  in 
Fig.  6.24.  In  phase  1  the  light  cone  is 
still  prevented  from  reaching  the  film. 
The  exposure  curve  in  the  diagram  to  the 
right  is  about  to  start  at  point  1.  In  phase 
2  half  the  cone  o  passes  through,  half  of  it 
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FIG.  6.24.     The  six  exposure  phases  with  a  focal-plane  shutter. 
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still  being  prevented  from  reaching  the 
film,  and  the  shutter-operation  curve  has 
moved  to  point  2.  In  phase  3  the  slit 
fully  admits  light  cone  diameter  0;  the 
full  lens  aperture  is  utilized  and  curve 
moves  to  point  3.  In  phase  4  slit  s  moves 
further  on  where  its  other  edge  is  about 
to  enter  into  the  cone.  During  this  period 
the  full  lens  aperture  is  still  utilized  and 
the  curve  continues  to  point  4.  In  phase 
5  the  upper  half  of  the  light  cone  is  cut 
off  by  the  upper  (closing)  edge  of  slit  s. 
Only  half  of  light  cone  o  is  admitted.  The 
shutter-operation  curve  has  started  its 
downward  trend  and  moves  to  point  5.  In 
the  last  phase  (6),  cone  o  has  been  cut 
off  entirely,  all  light  admission  is  ended 
and  exposure  of  the  film  strip  is  complete. 
Curve  ends  at  point  6. 

Exposure  Curve  and  Efficiency  of  a 
Focal-Plane  Shutter.  The  exposure  curve 
of  an  individual  point  P  is  very  similar  to 
that  of  a  between-the-lens  shutter.  Three 
major  periods  may  be  distinguished: 

(1)  Phases  1  and  2,  in  which  light  ad 
mission  is  steadily  increasing,  correspond 
ing  to  opening  time  TI  in  a  between-the- 
lens  shutter. 

(2)  Phases  3  and  4,  where  full  light  ad 
mission  is  manifest,  corresponding  to  wide 
open  time  T2  in  the  between-the-lens  shut 
ter. 

(3)  Phases  5  and  6,  when  light  admis 
sion    steadly    decreases,    corresponding   to 
closing   time    T3   in   the   between-the-lens 
shutter. 

In  an  ideal  case  of  a  focal-plane  shutter, 
i.e.,  if  it  were  actually  positioned  in  the 
focal  plane,  Total  Operating  Time  Ttot,  i.e., 
the  time  interval,  from  the  moment  the 
first  strip  of  film  of  length  a  is  exposed  to 
the  instant  the  last  strip  of  film  has  been 
exposed,  would  be 

rr,  a    +    S 


v  being  the  velocity  of  curtain  slit  s,  and  a 
the  length  or  width  of  the  image  frame 
(depending  on  whether  the  curtain  travels 
along  or  across  the  film).  This  exposure 
time,  Ttot,  governs  the  extent  of  distortion, 
as  previously  discussed.  The  "  Ideal  Ac 
tual  Open  Time,"  Ta,  which  name  may  be 
given  to  the  time  interval  during  which 
one  individual  point  on  the  film  is  exposed 
to  light  through  a  curtain  situated  in  the 
focal  plane,  would  be  : 

T    -- 

la~  v 

In  all  practical  cases,  however,  where  the 
focal-plane  shutter  is  positioned  at  a  cer 
tain  distance  d  from  the  focal  plane,  the 
"Actual  Open  Time/7  T,  corresponding  to 
the  Total  Open  Time  of  a  between-the-lens 
shutter,  is 


T  = 


(see  Fig.  6.23) 


The  ratio  between  "Ideal  Actual  Open 
Time"  Ta  and  "Actual  Open  Time7'  T 
(of  a  curtain  at  distance  d}  is  called  Effi 
ciency,  E. 


--- 
T       v  s  +  o       s  +  o 

The  undetermined  value  oy  i.e.,  the  diam 
eter  of  the  light  cone  forming  point  P  on 
the  film,  may  be  replaced  by  the  known 
values  of  the  focal  length  F  of  the  lens 
and  the  distance  d  of  the  curtain  from  the 
focal  plane,  by  means  of  the  simple  geo 
metrical  relationship  (Fig.  6.23)  : 


A       o 

=    or 


A*d 


A 

-^  is  the  //number  of  the  lens  ;  therefore, 
r 

this  equation  may  be  written 
d 
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E  = 


s  +  o 


.   d 

S  + 


may  be 


The  Actual  Open  Time  T 
written  : 


f 


^r* 

This  last  formula  indicates  that  Actual 
Exposure  Time  T  becomes  shorter  when 
curtain  speed  v  is  higher  and  width  of  slit 
s  is  smaller.  It  also  indicates  that  the 


additional  term 


7—    always  prolongs  T, 

J'S 


and,  since  it  never  can  vanish  completely, 
Efficiency  must  always  remain  smaller 
than  1  (or  100%).  The  larger  the  term 

T—  ,  the  lower  the  Efficiency,  which  be- 
j'S 

comes  increasingly  less  as  distance  d  in 
creases.  If  d  could  be  reduced  to  zero,  the 
additional  term  would  be  eliminated,  and 
the  "  Actual  Exposure  Time  T"  would  be 
come  the  "  Ideal  Actual  Exposure  Time 

Ty> 
fit- 

It  should  be  observed  that  in  the  addi 
tional  term  j—y  the  fraction  -^  is  predeter 

mined  by  the  physical  dimensions  of  cam 
era  and  lens,  and  is  usually  not  variable. 
Still  another  matter  must  be  discussed 
with  regard  to  the  action  of  a  focal-plane 
shutter.  In  the  example  shown  in  Fig. 
6.23  slit  s  was  assumed  to  be  wider  than 
cone  diameter  o.  Fig.  6.25  demonstrates 
the  influence  of  the  width  of  'the  slit.  In 
Fig.  6.25a  slit  s  is  narrower  than  cone 
diameter  o;  in  Fig.  6.25b  both  are  of  the 
same  exact  size,  and  in  Fig.  6.25c  slit  s 
is  wider  than  o.  As  case  (a)  indicates,  a 
narrower  slit  would  not  permit  passage  of 


FIG.  6.25.     Effect  of  width  of  the  slit  on  ex 
posure  with  a  focal-plane  shutter. 

the  entire  light  cone,  and,  therefore,  the 
result  would  be  equivalent  to  a  smaller  lens 
aperture.  In  case  (b)  the  full  lens  aper 
ture  may  be  utilized.  If  s  is  wider  than  o, 
as  in  case  (c),  a  still  larger  lens  aperture 
might  be  used.  As  case  (a)  indicates,  the 
minimum  practical  slit  size  s  is  predeter 
mined  by  the  given  lens  aperture  and  the 
given  distance  d  from  the  focal  plane. 
Any  slit  of  size  less  than  the  predeter 
mined  minimum  will  result  in  stopped 
down  lens  aperture,  offsetting  the  advan 
tages  of  a  high-speed  lens.  This  minimum 
slit  s  may  be  derived  from  the  previous 
formula 

d 


Since  d  is  constant  in  a  given  camera,  the 
smallest  usable  slit  s  may  quickly  be  fig 
ured  for  any  chosen  //stop.  If,  for  ex 
ample,  d  =  -J"  with  an  //3.5  lens,  then 
the  smallest  permissible  slit  would  be 
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0.125/3.5  =  0.036",  or  somewhat  more  than 
1/16".  Narrower  slits  would  yield  under 
exposed  pictures. 

Testing  of  Focal-Plane  Shutters.  Some 
of  the  methods  used  for  testing  between- 
the-lens  shutters  can  also  be  used  for  focal- 
plane  shutters.  Other  devices,  especially 
designed  for  focal-plane  shutters,  have 
been  developed. 

Among  the  test  devices,  applicable  to 
both  between-the-lens  shutters  and  focal- 
plane  shutters,  is  one  which  consists  of  a 
transparent  drum  enclosed  in  a  lighttight 


a 

Jtiobt  source.   (J 
*  /l\ 


Shutter 


-- 

Synchro  JHotor 

"Drum 


FIG.  6.26.    Diagram  of  a  shutter  speed  tester. 

housing  (Fig.  6.26).  A  synchronous  mo 
tor  drives  the  drum  at  speeds  variable 
from  60  to  4000  r.p.m.  A  film  strip  is 
inserted  around  the  drum's  cylindrical  cir 
cumference  by  opening  the  housing  at  one 
end.  Atop  the  housing  a  slit  equal  to  the 
width  of  the  drum  is  provided  parallel  to 
the  drum  axis.  The  shutter  under  test  is 
placed  over  the  slit  so  that  the  curtain 
travel  is  parallel  to  the  drum  axis.  A 
light  source  placed  above  the  shutter  at  a 
suitable  distance  will  photographically  re 
cord  a  strip  as  shown  in  Fig.  6.27.  This 
photographic  record  provides  all  data 
necessary  to  determine  the  shutter  speed. 
AC  is  a  measure  of  the  effective  exposure 


Cur  fain  Juo1ion\ 


Film  motion 


FIG.  6.27.     Exposure   time    record   made   by 
shutter  speed  tested  in  Fig.  6.26. 

time  at  this  point  in  the  focal  plane.  AE 
is  the  chosen  width  of  the  curtain  slit. 
The  movement  of  the  film  is  controlled  by 
the  chosen  speed  of  the  rotating  drum  V 
in  inches  per  second;  then  the  effective  ex 
posure  time  is 


T    — 

JL  a    — 


AC 


"With  the  //stop  chosen  and  the  distance  of 
the  curtain  from  the  focal  plane  known, 
efficiency  may  be  computed  as  previously 
explained  : 


d 


Another  method  makes  use  of  the  Stro- 
botac,  an  electric  stroboscope  producing 
from  10  to  240  flashes  per  second.  Di 
rected  toward  a  strip  of  film  which  is 
exposed  through  a  focal-plane  shutter,  a 
photographic  record  of  all  flashes  occur 
ring  throughout  the  entire  shutter  operat 
ing  cycle  will  appear  similar  to  that  in 
Fig.  6.28.  The  space,  traveled  from  one 
strip  to  the  next,  a,  ~b,  will  be  a  measure 


motion 

FIG.  6.28.     Exposure  time  record  made  by  the 
Strobotac. 
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of  the  actual  curtain  speed.  If,  for  ex 
ample,  the  Strobotac  were  set  for  200 
flashes,  each  distance  from  one  strip  to 
the  next  corresponds  to  the  time  interval 
of  l/200th  of  a  second.  The  fact  that  dis 
tance  a  is  shorter  than  distance  "b  at  the 
end  of  the  total  exposure  indicates  that 
the  curtain  speed  does  not  remain  constant 
during  the  entire  operating  cycle,  a  condi 
tion  found  in  practically  every  type  of 
focal-plane  shutter,  which  is  caused  by  the 
greater  initial  friction  of  the  start  of  its 
movement,  and  because  the  mechanism 
needs  time  for  acceleration.  This  definite 
disadvantage  of  the  focal-plane  shutter 
may  also  be  observed  in  Fig.  6.27,  where 
distance  a  is  greater  than  ft. 

Synchronization  of  Focal-Plane  Shut 
ters.  Synchronization  of  the  focal-plane 
shutters  involves  problems  quite  different 
from  the  between-the-lens  shutter  because 
of  the  difference  in  the  characteristics  of 
the  two  shutters.  A  distinction  must  be 
made  between  local  exposure  time  (ex 
posure  time  of  one  point  of  film)  and  total 
operation  time  (time  required  to  expose 
the  entire  film),  and  it  must  be  realized 
that  a  shutter  with  a  slit  of  perhaps  1/8" 
and  a  speed  of  l/1000th  of  a  second  has 
to  travel  1/8"  in  that  l/1000th  of  a  second 
without  considering  efficiency.  If  the  film 
size  is  4"  X  5"  and  the  curtain  is  to  travel 
across  the  width  of  the  film,  i.e.,  4",  there 
are  32/8"  to  be  traversed,  which  will  con 
sume  32/1000th  of  a  second  until  the  ex 
posure  of  the  entire  film  is  complete. 
Hence,  flash  bulbs,  made  especially  for  use 
with  focal-plane  shutters,  have  a  longer 
peak  to  allow  for  this  long  exposure  time. 

The  difference  in  the  speed  of  the  cur 
tain  at  the  beginning  and  the  end  of  ex 
posure  may  also  cause  different  densities  in 
different  parts  of  the  negative.  In  view  of 
the  fact  that  only  small  strips  of  film  are 
exposed  at  a  time,  not  all  the  light  of  the 
flash  can  be  utilized  and,  consequently, 


efficiency  is  lower.  Under  identical  condi 
tions,  the  low  peak  of  the  focal-plane  lamp 
requires  larger  lens  apertures  than  the 
high  peak  lamp  used  with  between-the- 
lens  shutters. 

Synchronization  of  the  focal-plane  shut 
ter  does  not  present  any  serious  mechanical 
problems.  On  almost  every  focal-plane 
shutter  a  part  can  be  found  which  is  ac 
cessible  from  the  outside  (knob,  for  ex 
ample)  which  moves  as  the  focal-plane 
shutter  operates,  and  a  contact  can  easily 
be  adjusted  to  be  activated  by  this  part. 
Some  cameras  have  built-in  synchroniza 
tion  with  an  outlet  socket  in  the  back  of 
the  camera. 

Comparison  of  Between-the-Lens  and 
Focal-Plane  Shutters.  In  comparing  focal- 
plane  and  lens  shutters  it  must  be  realized 
that  one  type  performs  tasks  which  cannot 
be  fulfilled  by  the  other. 

Advantages  of  the  between-the-lens  shut 
ter  are : 

1.  Simple  handling. 

2.  Eelatively  small  size,  providing  con 
venience  in  small  folding  cameras. 


t  h  k 


v     s  u  mn  w 


FIG.  6.29.    Mechanical  elements  of  the  super- 
matie  shutter. 
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3.  Freedom  from  distortion  on  moving 
objects  because  of  simultaneous  exposure 
of  the  entire  picture. 

4.  Even   density  over  the  entire  nega 
tive  because  of  simultaneous  exposure. 

5.  Correct  synchronization  is  more  read 
ily   achievable  with  short   and   high-peak 
flash  lamps. 

Advantages  of  the  focal-plane  shutters 
are: 

1.  Higher  speeds  to  "stop"  fast  motion. 

2.  Eeady  interchangeability  of  lenses  be 
cause  of  separate  shutter  and  lens  mount. 

Some  Representative  Lens  Shutters. 
The  mechanism  of  a  typical  precision  lens 
shutter  (Kodak  Supermatic)  is  shown  in 
Fig.  6.29.  Setting  lever  a  sets  up  tension 
in  spring  b;  at  1/400  sec.  an  additional 
spring  located  under  eccentric  member  c 
is  brought  into  action.  Shutter  speeds  are 
changed  by  turning  speed-selecting  ring  d 
which,  by  means  of  cams  shown  as  dashed 
line,  actuates  controls.  The  step-shaped 
cam  at  e  controls  the  extent  of  engage 
ment  of  gear  sector  /  with  one  member  of 
gear  train  retarding  mechanism  g,  and 
a  cam,  not  shown,  controls  position  of  an 
oscillating  pallet  relative  to  a  ratchet 
(star)  wheel.  T  and  B  are  determined 
by  positions  of  levers  h,  also  controlled  by 
a  cam.  The  release  lever  is  marked  i; 
and  the  socket  for  the  cable  release  is  k. 

Flash  discharges  with  no  time-lag  are 
synchronized  with  shutter-blade  action  by 
an  electric  circuit  formed  through  prongs 
I,  closing  it  at  m  through  post  n  which 
moves  upward  when  blades  open. 

Photoflash  lamps  of  5  milliseconds  time- 
lag  are  synchronized  by  setting  F  on  the 
limiting  stop  o  opposite  index  p.  Clock 
wise  movement  of  lever  q  sets  up  spring 
tension  through  gear  train  r  and  moves 
cam  s  upward.  Downward  pressure  on 
lever  i  now  allows  its  extension  t  to  move 
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FIG.  6.30.     The  Graflex  1000  shutter. 

sideways  to  cam  u.  Lever  v  follows  and 
opposite  end  closes  contacts  w.  This  re 
leases  gear  train  which,  through  down 
ward  movement  of  step  between1  cams  s 
and  u,  actuates  lever  t  and  releases  shutter 
so  blades  are  fully  opened  about  5  millisec 
onds  after  electric  circuit  has  been  closed. 

Synchronizing  flash  lamps  of  20  milli 
seconds  time-lag  is  accomplished  similarly. 
Limiting  stop  o  at  M  permits  movement  of 
lever  q  which,  in  addition  to  the  action 
described  above,  engages  oscillating  pallet 
x.  The  pallet  action  slows  down  counter 
clockwise  travel  of  "step,"  and  shutter  is 
released  so  that  ''fully  open"  is  reached 
about  20  milliseconds  after  contacts  w  have 
closed. 

With  but  few  exceptions,  the  maximum 
shutter  speed  of  between-the-lens  shutters 
is  1/500  sec.  One  of  these  exceptions,  the 
Graflex  1000  shutter,  is  shown  in  Fig.  6.30, 
which  is  an  exploded  view  of  the  shutter- 
blade  movement.  Four  pinions  (6)  are 
driven  by  a  single  ring  gear.  Attached  to 
each  pinion  is  an  eccentric  (7)  which  ro- 
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FIG.  6.31.    Leaf  movement  in  the  Graflex  1000 
shutter. 


tates  within  a  bearing  attached  to  the 
shutter  blade  (4),  of  which  only  one  is 
shown  for  clarity.  Attached  to  the  leaf- 
bearing  is  a  guide  pin  (5)  which  is  forced 
to  move  in  a  curved  guide  slot  (3).  The 
movement  of  the  shutter  blade  (4)  is  now 
controlled  by  the  action  of  the  eccentric 
(7)  and  the  guide  pin  (5)  in  the  curved 
guide  slot  (3).  This  combined  movement 
causes  the  blade  to  follow  an  elliptical 
path. 

In  Fig.  6.31  (A)  the  shutter  blade  is 
shown  in  the  fully  closed  position.  Note 
that  the  blades  overlap  each  other  con 
siderably.  This  allows  the  blades  to  start 
moving  relatively  long  before  the  shutter 
is  opened.  This  starting  or  "  run-up " 
phase  (B)  of  the  blade  movement  accounts 
for  about  86°  rotation  of  the  eccentric 
(7),  after  which  leaf  (4)  is  just  begin 
ning  to  open.  As  the  eccentric  continues 
to  rotate  counterclockwise  about  the  pinion 


pivot  (2)  the  blades  have  already  obtained 
considerable  speed  at  the  moment  they 
start  to  open.  This  helps  to  shorten  the 
opening  time.  In  (C)  the  blade  is  fully 
clear  of  the  aperture.  The  eccentric  con 
tinues  to  rotate  about  40°  during  which 
phase  the  blade  slows  down  and  starts 
speeding  up  again  for  the  return  stroke. 

This  is  the  " dwell' '-period  which  is 
controlled  by  the  retarding  mechanism  to 
produce  slower  shutter  speeds.  The  el 
lipse-like  movement  is  shown  in  dotted  line 
in  (C).  In  (D)  the  aperture  is  completely 
closed  again,  but  the  eccentric  continues 
to  rotate  for  about  64°  before  the  blades 
come  to  rest.  During  these  64°  the  blades 
are  slowed  down  to  a  gentle  stop. 

It  can  easily  be  seen  that  the  shutter 
aperture  is  open  fully  for  only  40°  of  the 
360°  rotation  of  the  eccentric,  or  1/9  of 
the  total  operational  movement.  Thus, 
nearly  half  of  the  total  movement  is  used 
for  accelerating  and  slowing  down  the 
shutter  blades  without  opening  the  shutter 
aperture,  namely  86°  in  the  " run-up" 
phase  and  64°  in  the  slowing  down  period. 

The  efficiency  of  the  Graflex  1000  shut 
ter  can  be  calculated  as  follows :  The  Total 
Open  Time  T  is  360°  -  150°  =  210°.  Since 
the  dwelling  phase  is  40,  the  Opening  Time 
TI  and  Closing  Time  TB  are  together  210° 
-  40°  =  170°.  Thus  the  efficiency  of  this 
shutter  at  top  speed  is: 


E  =     1  - 


2T 


170  \ 

420  ) 
=  (1  -  0.40)  =  0.60 

or  60  per  cent.  Although  the  minimum 
efficiency  in  any  shutter  can  never  be 
lower  than  50  per  cent,  an  efficiency  of 
60  per  cent  at  top  speed  represents  a  good 
step  in  the  right  direction. 

An  oscilloscope  recording  made  by 
Graflex  is  shown  in  Fig.  6.32.  Produced 
by  a  crystal-controlled  oscillator,  each  five 
dots  equal  1/1000  of  a  second.  The  oscil- 
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FIG.  6.32.     Oscillograph   trace    of    the    Graflex 
1000  shutter  at  1/1000  sec.  setting. 

logram  shows  how  close  the  Graflex  1000 
shutter  approaches  the  goal  of  1/1000  of 
a  second. 

In  order  to  withstand  the  stress  on  the 
shutter  blades  caused  by  such  high  speed, 
the  blades  are  made  of  magnesium  instead 
of  steel.  The  reduced  weight  and  lower 
inertia  makes  it  possible  to  utilize  more  of 
the  available  spring  power  for  faster  ac 
celeration.  The  large  overlapping  area 
and  the  braking  phase,  before  the  blades 
come  to  a  full  stop  at  the  end  of  their 
operating  cycle,  helps  prevent  the  blades 
from  crossing,  a  difficulty  encountered 
with  all  shutters  at  high  speed. 

Representative  Focal-Plane  Shutters. 
'Focal-plane  shutters  may  be  divided  into 
two  types:  one  consisting  of  a  single  cur 
tain  with  a  number  of  apertures  of  dif 
ferent  widths;  the  other  of  two  curtains, 
the  width  of  the  aperture  being  varied  by 
;the  positioning  of  the  two  curtains. 

The  Graflex  focal-plane  shutter  (Fig. 
6.33)  is  typical  of  single-curtain  shutters. 
The  black  curtain  is  mounted  on  two  roll 
ers  and  is  located  directly  in  front  of  the 
film.  It  is  moved  by  spring  action,  and 
.the  curtain  openings  (slits  of  selected 
width)  allow  the  light  to  reach  the  film. 
The  bottom  roller  is  a  hollow  shaft.  A 
spring  A  is  attached  to  the  inner  station 
ary  shaft  with  one  end,  and  to  the  hollow 
shaft  with  its 'Other  end.  When  the  cur 


tain  is  pulled  up,  the  bottom  roller  is  ro 
tated  counterclockwise  as  viewed  in  the 
insert  of  Fig.  6.33  against  the  tension  of 
spring  A.  The  curtain  is  rolled  up  by 
rotating  the  winding  key  clockwise.  Ro 
tation  of  the  winding  key  is  transmitted 
to  the  top  roller  through  the  master  gear 
and  the  top  roller  pinion.  The  latter 
meshes  with  the  shutter  dial  which  is 
geared  and  indicates  the  speeds  to  which 
the  shutter  has  been  set.  To  prevent  the 
winding  key  from  rotating  counterclock 
wise,  the  master  gear  is  equipped  with  two 
arms  (A  and  B  in  Fig.  6.34a),  placed  180° 
apart,  either  of  which  will  hit  against 
surface  C  of  the  escapement  cam  in  Fig. 
6,34a.  Clockwise  rotation  of  the  winding 
key  is  possible  because  the  escapement 
cam  is  held  in  a  down  position  by  the  es 
capement  spring,  but  arm  A  or  B  will  pull 
up  the  cam  by  pushing  against  surface  E. 
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FIG.  6.33.     The    single-curtain    Graflex    focal- 
plane  shutter. 
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FIG.  6.34.     Detail  of  Graflex  focal-plane  shut 
ter  mechanism. 

Once  past  this  surface,  arm  A  or  B  goes 
into  slot  jP;  then  the  escapement  cam  is 
pulled  down  by  the  escapement  spring  thus 
preventing  counterclockwise  movement  of 
the  master  gear.  The  tension  of  spring  A 
(Fig.  6.33)  in  the  bottom  roller  is  trans 
mitted  to  the  master  gear  by  the  curtain, 
top  roller  and  top  roller  pinion.  There 
fore,  the  curtain  is  kept  in  the  selected 
position,  as  indicated  by  the  speed  indi 
cator,  as  arm  A  or  B  of  the  master  gear 
locks  against  surface  C  of  the  cam  (Figure 
6.34b).  The  shutter  is  now  set,  the  curtain 
opening  corresponding  to  the  selected 
speed  is  just  above  the  film,  and  the 
shutter  is  ready  for  exposure. 


Operating  the  shutter  release  lever 
pushes  the  escapement  cam  up  against 
the  tension  of  the  escapement  spring. 
Arm  A  of  the  master  gear  is  now  free 
to  rotate  counterclockwise,  pulled  by  the 
tensioned  bottom  roller  spring.  After  half 
a  revolution  of  the  master  gear,  arm  A  is 
stopped  by  surface  G  of  the  escapement 
cam.  The  gear  ratio  is  such  that  the  half 
revolution  of  the  master  gear  enables  the 
curtain  opening  to  move  across  the  film 
from  the  top  to  the  bottom  roller.  Ee- 
leasing  the  shutter  release  lever  allows  the 
escapement  cam  to  be  moved  to  its  down 
position,  freeing  arm  A  of  surface  G,  but 
preventing  further  counterclockwise  rota 
tion  by  arm  B  which  now  hits  surface  C 
of  the  escapement  cam. 

Three  speeds  of  the  shutter,  namely 
1/1000,  1/250,  and  1/50  of  a  second  are 
controlled  only  by  the  tension  of  spring  A 
in  the  bottom  roller.  The  length  of  the 
exposure  depends  on  the  spring  tension 
and  on  the  width  of  the  selected  curtain 
opening.  The  small  curtain  opening  is 
about  1/8  in.,  the  medium  size  opening 
is  about  3/8  in.  wide,  and  the  large  open 
ing  is  about  1^"  wide.  A  governor,  con 
sisting  of  gears  which  can  be  caused  to 
mesh  with  the  bottom  roller  gear,  drives 
brake  shoes  against  a  fixed  ring  by  cen 
trifugal  forces,  providing  braking  action 
which  decreases  the  speed  of  the  bottom 
roller.  This  action  retards  the  travel 
speed  of  the  curtain.  The  three  speeds 
mentioned  (1/1000,  1/250,  and  1/50)  are 
thus  reduced  to  1/500,  1/250,  and  1/30  sec. 
The  curtain  opening  for  time  exposure  is 
about  6  in.  wide. 

In  Fig.  6.33  metal  clips  are  shown  which 
are  located  on  one  edge  of  the  curtain  at 
a  certain  distance  from  the  curtain  open 
ing.  These  metal  clips  establish  electrical 
contact  between  the  receptacle  contacts 
when  the  curtain  moves  downward,  and 
the  flash  lamp  is  fired.  For  open  flash  pic- 
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FIG.  6.35.    Focal-plane  shutter  of  two  curtains  on  a  miniature  camera. 


tures  a  similar  clip  on  the  edge  of  the 
curtain  is  located  along  the  center  line  of 
the  "Time"  opening  (6  in.  wide).  When 
the  shutter  is  set  to  T  electrical  contact  is 
established  between  the  receptacle  contacts 
by  the  metal  clip  at  the  instant  the  full 
shutter  opening  is  reached.  By  operating 
the  release  lever  a  second  time  the  cur 
tain  rolls  to  cover  the  film  and  close  the 
shutter. 

A  drawing  and  photograph  of  a  focal- 
plane  shutter  mechanism  on  a  miniature 
camera  are  shown  in  Fig.  6.35.  Operating 
the  lever  on  the  back  of  camera  first  brings 
edge  of  curtain  a  over  edge  of  curtain  6, 
and  then  winds  them  together  across  film 
aperture  onto  rollers  c  and  d,  setting  up 
spring  tension  in  rollers  e  and  /.  Shutter 


speeds  of  1/50  to  1/1000  sec.  are  deter 
mined  by  width  of  the  curtain  opening  g, 
regulated  by  knob  k  which  turns  roller  c 
in  relation  to  roller  d.  Acceleration  is 
compensated  for  by  widening  of  slit  as  it 
travels  across  film  plane  due  to  difference 
in  diameter  of  rollers  c  and  d.  Speeds  1 
to  1/25  sec.  are  selected  with  dial  i  and 
controlled  by  an  escapement  mechanism  & 
which  varies  the  delay  of  curtain  6  after 
curtain  a  has  completed  its  run.  At  B 
setting,  curtain  a  moves  across  when  the 
release  button  I  is  pressed  down  and  cur 
tain  &  follows  when  button  is  released. 

In  most  35  mm.  cameras  the  interval  be 
tween  the  leading  and  trailing  curtains 
forming  the  shutter  aperture  uncover  the 
entire  image  at  speeds  below  1/30-1/60 
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sec.,  depending  on  the  shutter.  Under 
these  conditions  electronic  flash  lamps  may 
be  used  or  flash  lamps  designed  for  use 
with  between-the-lens  shutters.  Many  35 
mm.  cameras  with  focal-plane  shutters 
have  X  synchronization  for  electronic 
flash  up  to  a  speed  of  about  1/50  sec.  and 
in  synchronization  for  flash  lamps  over  the 
same  range  of  exposure  times.  Electronic 
flash  cannot  be  used  at  higher  speeds  be 
cause  the  opening  in  the  curtain  exposes 
only  a  portion  of  the  image  during  the 
duration  of  the  flash.  FP  (focal  plane) 


flash  bulbs  must  be  used  at  shutter  speeds 
faster  than  about  1/50  sec. 

Focal  Encyclopedia  of  Photography,  The  Mae- 
millan  Co.,  New  York,  1959. 
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Chapter  7 
CAMERAS 


Fundamentals,  The  elementary  camera 
consists  of  (1)  a  lens  or  pinhole  to  form 
an  image;  (2)  a  holder  for  the  sensitive 
material;  (3)  a  light-tight  enclosure  to 
prevent  light  from  reaching  the  sensitive 
material  except  through  the  lens;  (4)  a 
shutter  to  control  the  exposure  of  the 
sensitive  material;  and  (5)  a  means  of  de 
termining  what  will  be  included  in  the 
picture. 

The  more  advanced  camera  differs  prin 
cipally  in  providing  means  of  focusing  the 
lens.  This  may  involve  the  use  of  a  bel 
lows,  a  mount  which  screws  in  and  out, 
or  the  front  element  of  the  lens  may  screw 
in  or  out  to  focus  the  lens  by  changing  its 
focal  length.  The  bellows  is  used  on  large 
cameras;  the  screw  mount  chiefly  on  35 
mm.  cameras  where  the  distance  the  lens 
must  move  in  focusing  is  short,  and  front- 
lens  focusing  on  folding  roll  film  and  on 
some  box  cameras  where  the  distance  be 
tween  the  lens  and  the  film  is  fixed.  To 
determine  when  the  image  is  in  focus  the 
camera  may  have  (1)  a  focusing  screen 
showing  the  image  formed  by  the  lens,  as 
in  studio  and  view  cameras,  the  reflex,  and 
the  twin-lens  camera;  (2)  a  range  finder 
which  measures  the  distance  and  is  coupled 
to  the  lens  so  that  it  is  focused  for  the  dis 
tance  as  measured  by  the  range  finder,  or 
(3)  a  focusing  scale  marked  in  feet  or 
meters.  In  this  case  the  distance  is  esti 
mated,  or  measured,  with  a  separate  range 
finder  and  the  lens  set  for  that  distance  on 
the  focusing  scale.  The  more  advanced 
camera  may  provide  for  the  use  of  differ 
ent  lenses,  for  changing  from  one  type  of 
film  to  another  after  each  exposure 


through  the  use  of  separate  filmholders, 
and  it  may  have  adjustments  which  en 
able  the  lens  front,  the  back,  or  both,  to  be 
changed  so  that  the  film  is  no  longer  at  a 
right  angle  to  the  optical  axis  of  the  lens 
(swing-back,  swing-front).  Since  these 
adjustments  can  be  used  only  when  the 
image  can  be  focused  on  a  focusing  screen 
and  on  a  camera  with  a  bellows,  they  are 
found  only  on  studio  and  view  cameras 
and  the  smaller  press  camera. 

View  Finders.  In  all  cameras  except 
those  focused  on  the  ground  glass  (twin- 
lens,  reflex,  and  stand  cameras)  a  finder 
must  be  provided  to  show  what  will  be 
included  in  the  picture.  To  be  depend 
able,  a  finder  must  show  exactly  what  will 
be  included  in  the  image.  This  is  possible 
only  if : 

1.  The  viewpoint  of  the  finder  and  the 
camera  lens  are  the  same; 

2.  The  angle  of  view  of  the  finder  and 
the  camera  lens  are  equal ; 

3.  The  axis  of  the  finder  and  the  cam 
era  lens  coincide. 

These  conditions  cannot  be  completely 
fulfilled  by  any  view  finder;  however,  in 
some  modern  types  (to  be  discussed  later) 
the  departure  is  so  small  as  to  be  insig 
nificant  for  all  practical  purposes. 

The  simplest  finder  is  a  frame  with  a 
peep  sight  in  the  rear  to  position  the  eye 
(Fig.  7.1c).  The  frame  may  be  small  and 
close  to  the  peep  sight,  or  it  may  be  as 
large  as  the  picture  itself  and  placed  in 
the  position  of  the  lens,  the  peep  sight 
being  in  the  plane  of  the  film.  Such  a 
finder,  which  is  common  on  press-type 


115 


116 


CAMERAS 


LIGHT  SCATTERED 
IN  ALL  DIRECTIONS 


OBJECT 


aL2 

DIRECT  VISION  OPTICAL 
(d) 


AREA  Ltt\ 
s'  INCLUDED/    \\ 

IN  NEGATIVED      J?       \ 


REAL  I  MAGE  ON 
ROUND  GLASS 


GROUND 
GLASS 
FINDER 


|     /    /     OBLIQUE 
I    /   '  LIGHT  RAYS 
I   /  /     BENT  AND 
l  i  /   CONFINED  TO 
','  //        A  NARROW 
I//  CONE 

if 


REAL  IMAGE 
IN  THIS  LENS 


BRILLIANT 
FINDER 


WIRE  FRAME 
AND. PEEP  SIGHT 


WIRE  FRAME 


(c) 


PEEP  SIGHT 


FIG.  7.1.     Types  of  finders. 


cameras,  has  the  advantage  of  showing 
quite  well  the  variation  in  the  field  of  the 
lens  at  different  object  distances. 

Reflecting  finders  (Fig.  7.1a  and  7.1b) 
were  once  widely  used  on  box  and  folding 
roll-film  cameras,  but  are  now  little  used. 

The  typical  optical  view  finder  (Fig. 
7.1d)  consists  of  a  front  divergent  lens 
which  forms  a  small,  erect,  laterally  cor 
rect  image  that  is  seen  through  a  rear  con 
verging  lens.  This  lens  serves  the  dual 
purpose  of  enlarging  the  image  and  posi 
tioning  the  eye.  Masks  may  be  placed 
over  the  front  to  show  the  field  included 
by  lenses  of  longer  focal  length  and  the 
finder  may  be  mounted  so  that  it  can  be 


tilted,  or  the  rear  lens  mounted  so  that 
it  can  be  raised  or  lowered  to  compensate 
for  the  parallax  error  at  different  dis 
tances. 

In  the  Albada  finder  the  inner  surfaces 
of  the  two  elements  are  used  to  produce  a 
frame  which  is  seemingly  superimposed  on 
the  subject.  The  concave  inner  surface  of 
the  front  lens  (Fig.  7.2)  is  lightly  silvered 
to  act  as  a  mirror,  and  a  frame  is  placed 
on  the  facing  surface  of  the  rear  lens. 
The  image  of  the  frame  then  seems  to  float 
in  space  marking  the  field  of  the  lens  in 
a  larger  area  which  is  clearly  seen  in  the 
finder. 


RANGE  FINDERS 
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FIG.  7.2.     (a)   The  Albada  finder;    (b)  Modification  of  the  Albada  finder. 


Finders  on  cameras  equipped  with  range 
finders  are  usually  combined  with  the 
range  finder  and  will  be  discussed  later. 

Range  Finders.  The  principle  of  the 
range  finder  is  shown  in  Pig.  7.3a.  One 
of  two  rays  of  light  from  a  distant  object 
is  reflected  at  right  angles  on  mirror  A  and 
then  to  a  second  mirror  B,  which  reflects 
it  to  the  eye.  The  other  ray  passes  di 
rectly  through  the  half -silvered  mirror  to 
the  eye.  Thus,  although  there  are  two 
images  of  the  object,  they  are  superim 
posed  and  appear  as  one.  However,  if  the 
object  is  close,  as  in  Fig.  7.3b,  the  two 
rays  are  no  longer  superimposed  but  are 
seen  separately.  However,  by  rotating 
mirror  A,  it  is  possible  to  superimpose  the 
two  images  again.  The  amount  by  which 
mirror  A  must  be  rotated  depends  upon 
the  convergence  of  the  two  rays  which,  in 
turn,  depends  on  the  distance  of  the  ob 
ject  C.  Thus,  the  distance  of  point  C 
can  be  found  in  terms  of  the  amount  of 
rotation  of  mirror  A  required  to  super 
impose  the  two  images. 

The  reliability  of  a  range  finder  depends 
upon  the  accuracy  with  which  the  angle  at 
A  is  measured.  The  angle  increases  as 
the  distance  of  the  object  C  becomes  less, 
so  that  a  range  finder  is  more  accurate  for 
short  distances  than  for  long.  The  angle 
at  A  increases  also  with  the  distance  be 
tween  A  and  B,  the  base  of  the  range 


finder.  Range  finders  must  be  instruments 
of  optical  precision  if  they  are  to  be  reli 
able,  because  the  angle  to  be  measured  at 
A  is  always  small.  With  a  base  of  2  in., 
for  example,  and  an  object  distance  of  10 
ft.,  the  angle  to  be  measured  is  less  than 
a  degree;  and,  for  an  object  distance  of 
20  ft.,  it  is  less  than  half  a  degree. 

The  range  finder  is  usually  connected, 
or  coupled,  with  the  lens  so  that  moving 
the  camera  lens  through  its  focusing  range 
rotates  the  prism  A.  Thus,  when  the  two 
images  are  superimposed  in  the  range 
finder,  the  lens  is  in  focus  for  that  portion 
of  the  subject.  Coupling  is  usually  ac 
complished  by  a  lever ;  one  end  of  the  lever 
is  held  by  a  spring  against  the  rear  of  the 
lens  mount  and  the  other  end  controls  the 
rotation  of  the  free  prism  of  the  range 
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FIG.  7.3.     Principle  of  the  range  finder. 
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finder.  Thus  as  the  lens  screws  in  or  out, 
this  movement  is  transmitted  by  the  lever 
to  the  rotating  prism  which,  in  turn,  con 
trols  the  position  of  the  movable  image  in 
the  range  finder,  A  simple  lever  coupling 
cannot  be  correct  for  all  distances;  if  the 
coupling  is  accurate  for  infinity,  then  it 
will  not  be  accurate  for  near  objects.  The 
movement  of  the  lens  in  focusing  is  con 
trolled  by  the  basic  lens  law  while  the 
movement  required  of  the  movable  prism 
is  governed  by  a  trigonometric  formula 
connecting  the  object  distance  u,  the  base 
of  the  range  finder  b  and  the  angle  the 
prism  must  move  <f> ;  u  =  fe/  (tan  2  </>) .  The 
error  is  not  great  and  can  be  avoided  en 
tirely  by  shaping  the  end  of  the  coupling 


PIG.  7.4.     Typical      coupling     mechanism      of 
range  finder  to  lens. 

lever  so  that  the  movement  of  the  prism  is 
not  in  a  constant  ratio  to  the  movement  of 
the  lens  mount;  i.e.,  through  the  use  of 
a  cam.  The  coupling  mechanism  of  a 
well-known  range-finder  camera  is  shown 
in  Fig.  7.4. 

Two  methods  are  employed  in  combined 
range  and  view  finders  to  adapt  the  view 

SHARMAN  AND  WOLBARST,  Yiew-Rangefinder 
35  mm.  Cameras  Make  a  Comeback, 
Modern  Photography  22,  52  (February 
1958).  Contains  diagrams  of  several  view 
range-finder  systems. 


finder  to  interchangeable  lenses.  One 
method  is  to  include  magnifying  lenses  in 
the  view-finder  system  which  can  be  intro 
duced  as  required  to  change  the  size  of 
the  image  in  the  finder  to  correspond  to 
the  focal  length  of  the  lens.  The  other, 
and  more  widely  used,  method  is  to  intro 
duce  framing  lines  outlining  the  field  in 
cluded  by  different  lenses.  If  several 
framing  lines  are  visible  at  once  in  the 
finder,  the  effect  can  be  confusing  and  in 
at  least  one  camera  each  lens  automatically 
introduces  its  own  frame  in  the  finder  so 
that  only  the  framing  line  applying  to  that 
focal  length  is  seen  in  the  finder. 

A  typical  multiframe,  parallax  correct 
ing,  combined  view  and  range  finder  is 
shown  in  Fig.  7.5  (Leica  M3).  Three 
images  reach  the  eyepiece  at  the  extreme 
left.  One,  on  the  left,  is  the  direct  beam 
of  the  range  finder  passing  through  the 
window,  1,  the  imaging  lens,  2,  the  beam 
splitter,  3,  to  the  eye.  The  other  range- 
finder  image,  at  the  far  right,  passes 
through  the  window,  4,  the  pentaprism,  5, 
the  swinging  lens,  6,  to  the  prism,  7,  where 
it  is  reflected  to  prism,  8,  thence  through 
the  magnifier,  9,  to  the  reflecting  surface 
of  the  beamsplitter,  3,  where  it  is  reflected 
to  the  eyepiece  and  superimposed  on  the 
direct  image  from  1,  2,  and  3.  The  light 
admitted  through  the  frosted  window  in 
the  center,  10,  illuminates  the  framing 
masks,  11,  passes  on  to  the  prism,  8,  to  the 
beamsplitter,  3,  and  thence  to  the  eye. 
As  lenses  are  changed  a  mechanism,  which 
is  not  shown  in  the  illustration,  moves  the 
frame  selector  to  the  proper  position  for 
the  50  mm.,  90  mm.,  or  135  mm.  lens.  The 
coupling  to  the  lensmount  moves  lens,  6, 
as  shown  by  the  arrows  shifting  the  com 
parison  image  of  the  range  finder  and 
moves  the  frame,  11,  as  shown  by  the  ar 
rows,  to  compensate  for  parallax. 

Range-Pinder  Cameras.  Although  there 
were  earlier  cameras  making  1  X  1.5  in. 
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FIG.  7.5.     Optical  system  of  a  typical  multiframe,  parallax  correcting, 
combined  range  and  view  finder. 


pictures  (24  X  36  mm.)  on  motion  pic 
ture  film,  the  first  of  importance  was  the 
Leica  which  was  designed  by  Oskar  Bar- 
nack  and  placed  on  the  market  in  1924  by 
E.  Leitz,  of  Wetzlar  (Germany),  manufac 
turers  of  microscopes  and  other  precision 
optical  instruments.  The  Leica  was  re 
garded  skeptically  by  most  photographers, 
but  the  work  of  Dr.  Paul  Wolff,  and  others, 
soon  demonstrated  that  it  was  no  toy  but 
a  camera  which  opened  up  new  fields  of 
photography.  Professional  photographers 
were  amazed  at  the  sharpness  of  the  small 
negatives,  and  both  the  amateur  and  the 
photo- journalist  saw  in  the  new  camera 
a  new  and  exciting  approach  to  photog 
raphy  that  was  free  from  the  limitations 
of  the  older  and  larger  cameras. 

The  first  Leica  had  a  focal-plane  shutter 
which  was  connected  to  the  film  movement 
so  that  the  film  is  changed  and  the  shutter 
set  in  one  operation.  This  prevented 
double  exposures  and  it  was  no  longer 
necessary  to  watch  for  numbers  in  a  win 
dow  at  the  back  of  the  camera.  The  film, 
without  a  paper  backing,  was  contained  in 
daylight-loading  magazines.  After  the  20 
or  36  exposures  had  been  made,  the  film 
transport  mechanism  was  reversed  and  the 
film  wound  back  into  the  magazine  which 
could  then  be  removed  from  the  camera 
in  daylight.  The  lens,  in  a  screw-focusing 
mount,  -was  provided  with  focusing  and 


depth-of-field  scales.  The  whole  camera 
was  constructed  with  a  precision  unknown 
up  to  that  time.  The  first  Leica  did  not 
have  a  range  finder.  The  range  finder 
coupled  to  the  lens  for  direct  focusing 
appeared  on  the  Leica  in  1931  and  the 
Zeiss  Contax  in  1931-1932.  There  have 
been  no  basic  changes  in  design  since  then 
but  many  improvements.  Many  of  these 
have  been  essentially  improvements  for 
greater  ease  in  use,  but  important  advance 
ments  have  been  made  in  view  finders,  in 
the  introduction  of  interchangeable  lenses, 
and  in  the  variety  and  the  quality  of  the 
lenses  for  this  type  of  camera.  The  //3.5 
lenses  have  been  replaced  by  //2  and  //1. 5 
lenses,  and  larger,  of  excellent  quality, 
wide-angle  lenses  and  long-focus  lenses. 
Greater  progress  has  been  made  in  optics 
for  the  35  mm.  camera  than  in  any  other 
size.  In  view  finders  the  progress  has  been 
equally  great  from  the  small  image  of  the 
earlier  cameras  to  the  1 : 1  image,  or  in 
some  cases  larger,  to  the  combined  view 
and  range  finder,  to  the  framing  line  finder 
eliminating  the  errors  arising  from  the 
improper  positioning  of  the  eye,  correct 
ing  for  parallax  and  adaptable  to  lenses 
of  different  focal  length.  Parallax  correc 
tion  is  accurate  only  for  the  distance  for 
which  the  lens  is  focused;  it  is  not  cor 
rected  for  objects  at  other  distances  but 
the  difference  is  unimportant  except  for 
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(a)  With  focal-plane  shutter  (Leica  M3). 


.1 


(b)   With   rear   diaphragm   shutter   for   inter 
changeable  lenses  -  (Refina  Ills). 

FIG.  7.6.     Typical  35mm.  range-finder  cameras. 

subjects  which  have  objects  very  close  and 
at  a  considerable  distance  from  the  camera. 
Kange-finder  focusing  is  more  accurate 
than  ground-glass  focusing,  particularly 
with  small  images,  provided  (1)  the  range 
finder  is  accurate;  (2)  the  coupling  mech 
anism  functions  properly;  (3)  the  lens 
is  fitted  properly  to  the  coupling  mecha 
nism,  and  (4)  the  objective  is  to  focus  on 
an  object  at  a  given  distance.  If  the 
problem  is  to  obtain  sharp  focus  with  ob 
jects  at  different  distances  from  the  lens, 
the  range  finder  can  be  used  to  measure 


the  extreme  distances  and  the  point  on 
which  to  focus,  and  the  lens  aperture  re 
quired  can  be  determined  from  the  depth 
of  field  scale  on  the  lens  mount.  Any 
superiority  of  range-finder  focusing  is  de 
pendent,  however,  on  accurate  coupling  of 
the  lens  to  the  range  finder.  This  must  be 
done  with  a  high  degree  of  precision,  par- 
ticul^rly  with  large  aperture  or  long- 
focus  lenses.  The  requirement  for  accu 
rate  coupling  to  the  range  finder  makes 
interchangeable  lenses  for  the  range-finder 
camera  more  expensive  than  lenses  for  the 
reflex  or  other  ground-glass  focusing  cam 
era,  and  is  one  reason  for  buying  only  the 
best,  preferably  those  made  by  the  manu 
facturer  of  the  camera.  Lenses  which  are 
not  properly  adjusted  for  use  with  a  par 
ticular  camera  can,  in  many  cases,  be  made 
so  by  a  competent  repairman. 

Long-focus  lenses,  usually  those  with  a 
focal  length  greater  than  180  mm.,  do 
not  couple  with  the  range  finder  but  must 
be  used  with  a  reflex  attachment  which,  in 
effect,  converts  the  range-finder  camera 
into  a  single-lens  reflex. 

The  need  for  interchangeable  lenses  is 
greater  with  35  mm.  cameras  than  with 
larger  cameras  because  the  small  negative 
size  does  not  offer  the  same  opportunity 
for  cropping  and  the  use  of  only  a  portion 
of  the  negative.  For  projected  prints  of 
good  quality,  it  is  highly  desirable — neces 
sary  if  the  print  is  large — to  be  able  to  use 
the  whole  negative.  Fortunately  the  de 
sign  of  the  35  mm.  camera  and  its  size 
make  the  interchanging  of  lenses  more 
convenient  than  any  other  camera. 

The  range-finder  camera  with  inter 
changeable  lenses  may  employ  a  focal- 
plane  shutter,  an  interlens-type  shutter 
mounted  behind  the  lens,  or  a  lens  shutter 
with  a  lens  in  which  interchangeability  is 
obtained  by  changing  only  the  front  por 
tion  of  the  lens  (Fig.  7.6).  The  focal- 
plane  shutter  has  the  advantage  of  en- 
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abling  both  wide-angle  and  long-focus 
lenses  of  the  conventional  types  to  be  used. 

The  lens  can  be  mounted  close  to  the 
focal  plane  and,  since  the  shutter  is  close 
to  the  film,  the  rear  exit  aperture  of  the 
lens  may  be  as  large  as  the  film.  When 
an  interlens  type  of  shutter  is  mounted  be 
hind  the  lens,  a  shutter  with  high  opening 
and  closing  speeds  is  necessary  to  prevent 
vignetting.  To  achieve  this  (and  keep  the 
size  of  the  shutter  within  reasonable  lim 
its)  lenses  of  special  design  with  relatively 
small  rear  components  are  necessary.  The 
distance  of  the  lens  from  the  film  plane 
is  such  that  wide-angle  lenses  must  be  of 
the  inverted  telephoto  type.  The  require 
ment  that  the  rear  lens  component  be  kept 
small  limits  the  maximum  aperture  for 
both  wide-angle  and  long-focus  lenses.  Ex 
tension  tubes  or  bellows  attachments  can 
not  be  used  for  close-up  work  with  cameras 
having  lens  shutters.  With  these,  supple 
mentary  lenses  must  be  used  instead. 

The  major  disadvantage  of  the  focal- 
plane  shutter  is  the  limitation  on  the  use 
of  electronic  flash.  With  most  35  mm. 
cameras  the  highest  shutter  speed  that 
can  be  used  with  electronic  flash  is  about 
l/60th  of  a  second.  This  usually  is  un 
important  where  the  flash  is  the  sole  source 
of  illumination,  or  the  only  source  of  im 
portance,  but  becomes  important  where 
the  flash  is  used  in  combination  with  other 
sources  as,  for  example,  as  a  fill-in  light  on 
outdoor  subjects. 

Interchangeable  lenses  of  the  type  in 
which  the  front  portion  only  is  changed 
are  produced  by  Zeiss,  by  Schneider,  and 
by  Rodenstock.  The  range  in  focal  length 
is  limited  and  the  apertures,  for  all  but 
the  standard  lens,  are  relatively  small. 
The  performance  of  such  lenses  is  quite 
good,  but  does  not  equal  that  of  conven 
tional  lenses  of  the  highest  quality. 
Close-up  work  is  possible  only  with  supple 
mentary  lenses. 


The  35  mm.  camera  is  a  far  more  capable 
instrument  today  than  it  was  a  decade  ago. 
The  progress  in  emulsions  has  practically 
eliminated  the  graininess  and  lack  of  criti 
cal  sharpness  which  was  characteristic  of 
much  35  mm.  work  a  few  years  ago.  Now 
only  good  technique  is  required  to  produce 
results  which  can  compare  with  the  larger 
camera  and  may,  in  many  cases,  be  better. 

Good  technique  involves  (1)  accurate 
focusing,  (2)  avoidance  of  camera  move 
ment  during  the  exposure,  (3)  proper 
choice  of  emulsions,  (4)  correct  exposure, 
(5)  proper  developer  and  careful  atten 
tion  to  temperature  of  processing  solu 
tions,  proper  agitation,  and  mechanical 
handling  of  film  to  avoid  physical  damage. 
Camera  movement  during  exposure  is  one 
of  the  most  frequent  sources  of  unsharp 
results.  The  35  mm.  camera  is  far  more 
critical  in  this  respect  than  the  larger 
camera  because  of  the  greater  degree  of 
enlargement  in  the  final  print.  As  a 
general  rule  it  is  best  to  use  the  largest 
aperture  that  can  be  used,  consistent  with 
the  requirements  for  depth  of  field.  This 
is  particularly  the  case  if  the  smaller  aper 
ture  requires  exposures  longer  than 
l/100th  of  a  second. 

A  few  folding  roll-film  cameras  have 
coupled  range  finders,  notably  the  Super 
Ikonta  of  Zeiss  (2J  X  2J).  These  larger 
cameras,  however,  do  not  have  inter 
changeable  lenses. 

Press  Cameras.  Cameras  of  the  type 
shown  in  Fig.  7.7,  are  in  wide  use  by 
press  photographers  and  the  advanced 
amateur.  While  these  have  ground-glass 
focusing,  they  also  have  a  coupled  range 
finder.  This  type  of  camera  with  coupled 
range  finder  and  interchangeable  lenses 
combines  much  of  the  mobility  and  con 
venience  of  the  35  mm.  camera  with  a 
larger  negative  (2|  X  3J,  4x5  inches). 
With  lenses  of  the  focal  lengths  used  with 
these  cameras,  it  is  necessary,  however,  to 
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(a)   Linliof  Technika 


(b)   Graphic 
FIG.  7.7.     Typical  hand-press   cameras. 

have  a  different  coupling  link,  or  cam,  for 
each  lens.  Thus  both  the  lens  and  the 
cam  must  be  changed  so  the  operation  is 
not  quite  as  simple  as  with  the  35  mm. 
camera.  This,  however,  is  only  minor  in 
convenience.  The  press-type  camera  is 


in  many  ways  a  more  versatile  camera 
than  the  35  mm.  of  any  type.  Not  only 
does  it  have  interchangeable  lenses,  a 
coupled  range  finder,  and  a  parallax-cor 
recting  finder,  but  it  has  the  rising  front, 
tilting  front,  and  adjustable  back  of  the 
stand  camera.  These  adjustments,  how 
ever,  can  be  used  only  if  the  camera  is 
placed  on  a  tripod  and  the  image  focused 
on  the  ground  glass.  Although  designed 
primarily  for  sheet  film  in  holders,  film 
packs  in  adapters  and  roll  film  in  roll 
holders  may  also  be  used.  Thus  there  is 
complete  interchangeability  from  one  neg 
ative  material  to  another  in  any  form, 
sheet  film  or  roll  film,  between  each  ex 
posure. 

The  Reflex  Camera.  The  principle  of 
the  reflex  camera  is  shown  in  Fig.  7.8. 
The  image  formed  by  the  lens  is  reflected 
by  a  mirror  to  a  focusing  screen  at  the 
top  of  the  camera.  When  an  exposure  is 
made,  the  mirror  swings  up  to  clear  the 
lens  and  cover  the  focusing  screen.  The 
focal-plane  shutter  is  then  released  auto 
matically  to  make  the  exposure.  The  mir 
ror  is  then  returned  to  its  original  position 
by  a  lever  on  the  outside  of  the  camera 
and  the  shutter  reset  for  the  next  ex 
posure.  In  this  form  the  reflex  has  been 
made  for  many  years.  After  World  War 
II  the  real  development  of  the  reflex  be 
gan.  The  first  step  was  the  addition  of  an 
erecting  prism  to  produce  an  upright, 
nonreversed  image  with  the  camera  at  eye 
level.  This  was  followed  by  a  design  em 
ploying  a  lens  shutter  instead  of  the  focal- 
plane  shutter,  thus  extending  the  reflex 
camera  to  use  with  electronic  flash  at  all 
shutter  speeds.  Finally,  the  automatic 
diaphragm  was  developed.  This  made  it 
possible  to  set  the  aperture  to  be  used  for 
the  exposure  in  advance,  the  lens  remain 
ing  at  full  aperture  for  focusing  and  for 
viewing  the  image  until  the  actual  ex 
posure. 
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7.8.     Principle  of  the  reflex   camera. 


There  are  two  types  of  automatic  dia 
phragms.  In  one  (fully  automatic)  the  dia 
phragm  closes  down  to  the  preset  aperture 
just  before  the  exposure  and  reopens  im 
mediately  after  the  exposure  to  full  aper 
ture.  In  the  other  type  the  diaphragm  re 
opens  when  the  shutter  is  set  for  another 
exposure.  In  some  cases,  the  automatic 
diaphragm  control  is  on  the  outside  of  the 
camera  separate  from  the  lens  mount;  in 
other  cases,  it  is  internal  being  operated 
from  the  shutter  release.  Some  automatic 
diaphragms  have  the  disadvantage  that 
it  is  impossible  to  stop  down  the  lens  when 
focusing  to  determine  the  depth  of  field 
from  the  ground  glass.  This  is  more  often 
the  case  on  cameras  using  lens-type 
shutters. 

The  choice  between  the  35  mm.  reflex 
with  a  pentaprism  and  a  35  mm.  camera 
with  a  range  finder  is  largely  a  matter  of 
personal  preference.  The  reflex  has  the 


advantage  of  being  completely  free  of 
parallax  for  all  objects  included  in  the 
field  of  view  regardless  of  their  distance, 
which  is  a  decided  advantage  with  close- 
ups.  If  it  is  possible  to  focus  at  other  than 
the  maximum  aperture  (not  all  reflexes 
with  automatic  diaphragms  have  this  ad 
vantage),  the  depth  of  field  can  be  seen  on 
the  focusing  screen  and  also  the  degree 
of  unsharpness  of  the  areas  beyond  the 
range  of  sharp  definition.  This  may  be  of 
considerable  interest  to  the  pictorialist 
who  wishes  to  use  differential  focusing  for 
different  planes  of  the  subject.  The  range 
finder  of  the  single-lens  reflex  (and  again 
not  all  have  this  feature)  is  inoperative  at 
small  lens  apertures  but  does  have  the 
advantage  of  being  accurate  for  any  lens. 
If  the  reflex  does  not  have  a  range  finder, 
focusing  is  less  likely  to  be  as  accurate, 
particularly  in  poor  light,  as  with  a  range- 
finder  camera.  Wide-angle  lenses  for  the 
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reflex  must  be  of  the  reversed  telephoto 
type  which  is  larger,  usually  more  ex 
pensive,  and  more  subject  to  distortion 
than  the  conventional  types  used  on  range- 
finder  cameras.  There  is  frequently  some 
vignetting  on  the  focusing  screen  with 
long-focus  lenses,  but  not  on  the  film. 

Reflex  cameras  are  available  in  larger 
sizes,  for  example,  2}  X  2J,  2J  X  3J  and 
4x5  in.  These,  like  press  camera,  have 
interchangeable  backs  permitting  the  use 
of  sheet  film  in  holders,  film  packs  in 
adapters  or  roll  film  in  roll-film  maga 
zines,  as  preferred  for  each  exposure. 
Most  of  these  larger  cameras  do  not  have 


35rn.ni.    reflex    with    focal    plane 
(Zeiss  Contarex}. 


shutter 


35mm.  reflex  with  lens  shutter  (Zeiss  Con- 
t a flex). 


(c)   2J  X  2-J  reflex  with  separate  film  magazine 
(Hasselbad) . 

FIG.  7.9.     Modern  reflex  cameras. 


an  erecting  pentaprism  because  of  its 
weight  and  cost;  in  some  cases  it  is  avail 
able  separately.  Generally,  these  larger 
cameras  have  focal  plane  shutters,  the 
Hassettlad  (Fig.  7.9)  being  an  exception. 
It  has  interchangeable  lenses  mounted  in 
lens  shutters  each  with  its  own  automatic 
diaphragm. 

The  Twin-Lens  Camera.  The  basic  de 
sign  of  the  modern  twin-lens  camera  was 
established  by  the  Rolleiflex,  introduced 
by  Franke  and  Heidecke  of  Brunswick 
(Germany)  in  1929  (Fig.  7.10).  The  con 
struction  results  in  a  compact,  handy  cam 
era  with  the  viewing  and  camera  lenses 
placed  close  together  to  minimize  paral 
lax.  The  viewing  lens  produces  an  up 
right,  but  laterally  reversed  image,  for 
focusing  and  composing  the  image.  It  is 
usually  of  simple  construction  with  a 
larger  aperture  than  the  camera  lens  for 
a  more  brilliant  image.  A  3-4  X  magnifier 
is  mounted  in  the  hood  of  most  cameras 
as  an  aid  to  more  accurate  focusing,  and 
split-field  range  finders  mounted  on  the 
ground  glass  are  available  as  an  accessory. 
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An  erecting  prism  for  eye-level  operation 
is  also  available  as  an  attachment  for  some 
cameras.  The  camera  lens  ordinarily  is 
either  a  triplet  or  "tessar"  type  with 
an  aperture  of  //3.5.  Close  matching  o£ 
the  focal  lengths  of  the  viewing  and  cam 
era  lenses  is  obviously  important  to  ac 
curate  focusing.  Low-priced  cameras 


FIG.  7.10.     The  twin-lens  camera. 

often  show  greater  tolerances  in  the  match 
ing  of  the  lenses  than  the  top  quality  in 
struments. 

The  parallax  resulting  from  the  separa 
tion  of  the  viewing  and  camera  lenses  is 
unimportant  except  for  subjects  close  to 
the  camera.  The  Rolleiflex  has  a  mask 
over  the  focusing  screen  which  is  con 
nected  to  the  lens  front  with  a  link  lever. 
As  the  lens  is  focused  the  mask  moves 
across  the  focusing  screen  to  compensate 
for  parallax.  The  field  shown  on  the  fo 


cusing  screen  is  correct,  however,  only  for 
the  distance  on  which  the  lens  is  focused. 
Special  parallax-correcting  lenses,  for  use 
over  the  viewing  lens,  are  available  for 
close-up  work  with  supplementary  lenses. 
Supplementary  lenses  are  necessary  for 
close-up  work  because  the  closest  working 
distance  with  most  twin-lens  cameras  is 
from  a  meter  to  3J  ft.  Parallax  may  also 
be  corrected,  with  still-life  subjects,  by 
composing  the  subject  on  the  focusing 
screen  and  then  raising  the  camera  a  dis 
tance  equal  to  the  separation  of  the  centers 
of  the  two  lenses. 

The  twin-lens  camera  is  a  less  versatile 
instrument  than  either  the  35  mm.  range- 
finder  camera  or  the  reflex,  but  it  is  simple, 
convenient,  and  dependable  for  general 
photography.  These  qualities  have  made 
it  one  of  the  more  popular  types  for  the 
amateur  and  the  photo- journalist. 

Sub-Miniature  or  Ultra-Miniature  Cam 
eras..  Cameras  using  film  smaller  than  35 
mm.  are  usually  referred  to  as  sub-minia 
ture  or  ultra-miniature.  The  ,  oldest  of 
these,  the  Minox,  uses  a  9.5  mm.  film  for 
pictures  8  X  10  mm.  Most  later  cameras 
are  designed  for  16  mm.  film  and  the 
picture  size  varies  from  10  X  10  mm.  to 
12  X  17  mm.  The  ultra-miniatures  re 
semble  the  35  mm.  camera  except  for  the 
Minicord,  which  is  a  twin-lens  camera. 
Interchangeable  lenses  are  available  for 
some  models. 

The  depth  of  field  is  so  great  with  the 
short  focal-length  lenses  on  these  cameras 
that  many  do  not  have  a  coupled  range 
finder. 

Used  with  modern,  thin-emulsion,  fine- 
grain  films,  these  small  cameras  are  quite 
capable  of  enlargements  up  to  about 
5x7  in.,  or  even  11  X  14  in.  with  certain 
subjects. 

COOPER,     Ultra-Miniature    Photography,    Am- 
photo,  New  York,  1958. 
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FIG.  7.11.     Automatic  exposure  control  on  Kodak  Automatic  35. 


Cameras  with  Automatic  Exposure  Con 
trol.  The  first  camera  in  which  the  ex 
posure  was  controlled  automatically  by  a 
photoelectric  cell  was  placed  on  the  mar 
ket  by  the  Eastman  Kodak  Company  in 
1938  as  the  Kodak  Super  620.  It  was  in 
advance  of  its  time  and  was  discontinued 
with  the  advent  of  World  War  II. 

The  first  step  in  the  chain  of  events 
which  was  to  result  in  the  automatic  cam 
era  of  today  was  the  introduction  of  the 
Light  Value  System  (LVS)  on  new  models 
of  the  Compur  shutter  placed  on  the  mar 
ket  by  Deckel,  of  Munich.  From  this  it 
was  but  a  logical  step  to  semiautomatic 
control.  In  cameras  with  semiautomatic 
control,  the  exposure  meter  built  into  the 
camera  is  first  set  for  the  film  in  use. 
The  shutter  is  then  set  for  the  desired 
shutter  speed.  Changing  the  aperture 
moves  a  pointer  in  the  dial  of  the  exposure 
meter.  When  this  pointer  coincides  with 


the  pointer  of  the  exposure  meter,  the 
camera  is  set  for  the  proper  exposure. 
If  the  photographer  wishes  to  use  a  differ 
ent  aperture,  he  changes  the  shutter  speed 
and  brings  the  two  pointers  together  as 
before.  On  some  cameras  the  exposure 
control  can  be  effected  by  changing  either 
the  diaphragm  or  the  shutter  speed.  When 
either  is  locked,  changing  the  other  will 
move  the  pointer  on  the  dial  of  the  meter 
to  indicate  the  correct  exposure. 

The  controls  of  the  Kodak  Automatic 
are  shown  in  Fig.  7.11.  Setting  the  film 
and  shutter  speed  controls  the  position 
of  the  diaphragm  (1)  which  covers  the 

The  Agfa  Automatic  66,  Popular  Photography 

43,  30   (July  1958). 
The  Kodak  Electric  Eye  Still  Camera,  Popular 

Photography  44,  108   (January  1959);  44 

36   (May  1959). 
Automatic   Cameras,  Modern  Photography  24, 

66  (July  1960). 
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photocell  (2).  The  current  generated  by 
the  cell  operates  the  meter  (3).  The 
pointer  of  the  meter  (4)  swings  in  direct 
proportion  to  the  current  from  the  photo 
cell  which,  of  course,  depends  upon  the 
light  reflected  from  the  subject.  When  the 
exposure  is  made  with  the  shutter  release 
(5),  a  spring  lifts  the  yoke  (6)  and  frame 
(7)  until  the  cam  (8)  just  touches  the 
meter  needle  (4).  The  pin  (9)  moves  up 
with  the  frame  in  slot  (10),  controlling 
the  size  of  the  aperture  in  the  diaphragm 
(11,  12).  As  soon  as  the  cam  touches  the 
meter  needle  it  stops  and  the  aperture  is 
correct  for  the  meter  reading.  When  this 
sequence  has  been  completed,  the  shutter 
is  released  and  the  exposure  made. 

The  Polaroid  Electric  Eye  camera  uses 
a  cadmium  sulfide  photoconductive  cell 
powered  by  a  small  battery  instead  of  the 
self-generating  photocell  of  the  other 
meters.  The  light  on  the  photoconductive 
cell  controls  the  amount  of  current  trans 
mitted  by  the  cell  to  a  galvanometer.  The 
galvanometer  is  connected  mechanically 
to  the  diaphragm  and  shutter  controls  so 
that  these  are  set  automatically  from  the 
galvanometer.  The  advantage  of  the  pho 
toconductive  cell  is  its  greater  response 
at  low  illumination  levels. 

The  Stand  or  View  Camera.  The  stand 
camera  is  the  instrument  of  the  deliberate 
photographer — the  camera  of  the  planned 
picture.  It  is  the  most  versatile  camera 
for  all  subjects  which  are  essentially  static, 
such  as  landscapes,  architecture,  interiors, 
and  most  kinds  of  technical  photography. 

The  principal  features  of  the  view  or 
commercial  camera  (Fig.  7.12)  are: 

1.  A  long  bellows  for  close-ups,  copy 
ing,  or  for  long-focus  lenses :  usually  three 
times  the  focal  length  of  the  normal  lens. 

WOLBARST,  Pictures  in  a  Minute,  Modern  Pho 
tography  24,  122  (November  1960). 


(a)   Linhof. 


(b)   D  ear  dor  f. 
PIG.  7.12.     Typical  stand  cameras. 

2.  A  rigid  bed  to  maintain  parallelism 
between  the  front  and  back  of  the  camera 
when  the  bellows  is  fully  extended  or 
heavy  lenses  used.  The  monorail  bed  is 
exceptionally  rigid;  however,  it  does  not 
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fold  up  as  conveniently  for  carrying  as 
the  telescoping  or  sectional  bed. 

3.  A  large,  substantial  front  for  large 
and  heavy  lenses,  and  having  one  or  more 
of  the  following  movements:  (a)  a  rising 
and  falling  front  which  permits  the  lens 
to  be  raised  or  lowered  to  include  more 
at  the  top  or  the  bottom  of  the  picture; 

(b)  a    sliding    front   which    enables    the 
front  to  be  moved  to  the  right  or  the  left; 

(c)  a   vertical   swing   which   enables   the 
lens  to   be   tilted   upward   or    downward. 
The  pivotal  point  is  preferably  about  the 
optical   center   of   the   lens  but   on  some 
cameras,  for  mechanical  reasons,  the  entire 
front  is  inclined  from  the  camera  bed. 

4.  A  large  lens  board,   easily  removed 
to  change  lenses. 

5.  Large  focusing  controls  with  locking 
device. 

6.  (a)  A  back  with  a  vertical  swing  (i) 
so  the  back  can  be  kept  in  a  vertical  posi 
tion  when  the  camera  is  tilted  up  or  down 
to  include  all  of  the  subject;  (ii)  to  obtain 
sharp    definition   on   objects    at    different 
distances  with  larger  aperture,  and   (iii) 
to  control  the  relative  sizes  of  near  and 
distant  objects,     (b)  A  back  with  a  hori 
zontal  swing,  which  serves  the  same  pur 
poses  in  a  horizontal  direction,     (c)  Less 
frequently,   a  sliding  back   and   a  rising 
and   falling   back   which   serve   the   same 
purpose  as  the  corresponding  movements 
on    the   camera   front.      The   back   is   re 
versible,  for  vertical  or  horizontal  pictures, 
and  the  ground  glass  focusing  screen  has 
springs  so  the  nlmholder  can  be  inserted 
without    removing    the    focusing    screen. 
The  focusing  screen  of  some  view  cameras 
is  provided  with   a  hood,   but  usually  a 
focusing  cloth  is  assumed.     The  focusing 
controls   provide    for    focusing    from   the 
rear  as  well  as  from  the  front. 

KELLSEY,    Corrective    Photography,    Deardorff 
and  Sons,  Chicago,  1947. 
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The  view  camera  is  designed  for  use  on 
a  tripod  and,  therefore,  has  no  finder  nor 
focusing  scale.  It  is  intended  for  sheet 
film  in  holders;  however,  in  the  smaller 
sizes  roll-film  adapters  are  available.  The 
common  sizes  in  the  United  States  are 
4X5,  5x7,  and  8  X  10  inches ;  however 
2i  X  3i  cameras  are  available  and  one 
using  35  mm.  film. 

Optical  Problems  Related  to  the  Stand 
Camera,  The  increased  freedom  of  lens 
and  film  movement  necessitates  a  re-ex- 
.amination  of  the  optics  involved  because, 
unless  thoroughly  understood,  these  may 
be  the  source  of  much  confusion,  and  im 
proper  use  may  defeat  the  purpose  for 
which  they  are  intended. 


CIRCLE  OF 

ILLUMINATION 


CIRCLE  Of 
-GOOD  DEFINITION 

FIG.  7.13.     Circles    of    illumination    and   good 
definition. 

The  field  of  view  of  a  lens  is  circular 
in  character  and  this  may  be  seen  if 
a  lens  of  relatively  short  focal  length  forms 
an  image  on  a  large  ground  glass.  The 
larger  circle,  as  in  Fig.  7.13,  is  often  called 
the  circle  of  illumination.  It  is  limited 
in  size  because,  since  corrected  lenses  are 
thick,  light  from  beyond  a  certain  angle  is 
cut  off,  or  vignetted,  by  the  lens  mount. 
The  circle  of  illumination  is  almost  al 
ways  larger  in  diameter  than  the  circle  of 
good  definition,  sometimes  considerably 
larger.  The  size  of  the  circle  of  good 
definition  depends  upon  the  design  of  the 
lens.  In  almost  all  cases  the  size  of  this 
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circle  increases  as  the  aperture  of  the 
lens  is  decreased,  until  in  some  cases  the 
entire  circle  of  illumination  is  filled  with 
good  definition.  It  is  usual  to  measure 
the  size  of  these  circles  in  terms  of  the 
half-angle  of  the  cone  formed  by  the 
circle  as  base,  with  its  apex  at  the  center 
of  the  lens,  as  illustrated  in  Fig.  7.14. 
Sometimes  the  whole  angle  is  used,  and, 
therefore,  it  is  good  practice  to  specify 
just  what  angle  is  meant.  It  is  important 
to  remember  that  the  cone  of  light,  within 
which  a  sharp  image  is  formed  by  the 
lens,  acts  much  as  if  it  were  fastened 
rigidly  to  the  lens. 


CIRCLE  OF 
GOOD  DEFINITION 


FIG.  7.14.     Angular  covering  power  of  a  lens. 

As  the  lens  is  moved  up  and  down 
(rising  front),  or  is  displaced  sideways, 
the  image  also  moves.  If  the  subject  is 
far  away,  the  image  moves  the  same 
amount  as  the  lens  and  in  the  same  direc 
tion;  in  other  words,  it  moves  with  the 
lens.  Where  the  object  is  only  a  few  focal 
lengths  distant,  the  image  moves  more  than 
the  lens  so  that  the  movement  5  of  the 
image  is  equal  to 


where  a  is  the  lens  motion,  and  u  and  v 
are  the  image  and  object  distances.  This 
relation  may  be  seen  from  Fig.  7.15. 

So  far  it  has  been  assumed  that  the 
plane  of  the  film  is  always  at  right  angles 
to  the  optical  axis  of  the  lens  and  that 


the  principal  objects  are  also,  in  general, 
perpendicular  to  this  axis.  In  the  stand 
camera  both  lens  and  film  may  be  tilted. 
Actually,  if  parallel  lines  in  the  object  are 
to  be  parallel  on  the  film,  the  film  plane 
must  be  made  parallel  to  the  object  plane 


FIG.  7.15.     Relative    movement    of    lens    and 
image. 

containing   the   lines,   and   both   must  be 
perpendicular  to  the  lens  axis. 

There  is,  however,  a  much  more  general 
relation  between  image  and  object  plane 
than  this.  For  any  plane  on  the  object 
side  of  the  lens,  there  is  a  corresponding 
plane  on  the  image  side  of  the  lens  in 
which  the  object  is  in  sharp  focus,  as  in 
Fig.  7.16.  In  this  case,  lines  which  are 
straight  in  the  object  remain  straight  in 
the  image,  but  the  shape  of  the  image  is 
no  longer  the  shape  of  the  object.  This 
results  from  the  fact  that  different  parts 
of  the  object  are  at  different  distances 
from  the  plane  of  the  lens,  which  in  turn 
means  that  different  parts  of  the  image  are 


OBJECT 


IMAGE 


PLANE/      PL<XNE  \PLANE 


FIG.  7.16.     General    position    of    object,    lens, 
and  image  planes. 

magnified  by  different  amounts.  In  Fig. 
7.17,  A'Br  =  AB'V1/Ui9  but  C'D'  =  CD 
•V2/u%,  and  since  by  inspection  u2  is 
greater  than  ui7  and  v2  is  less  than  vi, 
v2/u2  must  be  less  than  Vi/Ui.  Therefore, 
since  AB  and  CD  are  the  same  length, 
C'D'  must  be  less  than  A'B'. 
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FIG.  7.17.    Relation  of  image  and  object  planes  for  best  definition. 


There  is  ,a  fixed  and  reasonably  simple 
relationship  between  the  plane  of  the  ob 
ject,  the  plane  of  the  sharpest  image,  and 
the  plane  of  the  lens  (i.e.,  the  plane 
through  the  optical  center  of  the  lens  at 
right  angles  to  the  optical  axis).  This  is 
shown  in  Fig.  7.16  from  which  it  will  be 
seen  that  the  planes  containing  the  ob 
ject,  lens,  and  image  meet  in  a  line  which 
is  at  right  angles  to  the  plane  of  the 
paper. 

Under  such  circumstances  it  is  very  im 
portant  to  note  where  the  optical  axis  of 
the  lens  points  and  to  remember  that  the 
lens  still  covers  with  sharp  definition  only 
the  same  angular  field  as  in  normal  use. 
In  Fig.  7.17  it  will  be  evident  that  object 
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PIG.  7.18.     Optical  system  of  tricolor  camera. 


and  image  are  far  from  being  centered 
about  the  axis;  and,  unless  the  lens  used 
has  a  wide  field  of  good  definition,  the 
image  near  A'  may  be  poor.  This  is  true 
in  spite  of  the  fact  that  objects,  lens,  and 
image  seem  to  be  lined  up  along  XT, 
which  may  be  considered  as  the  camera 
axis. 

Special-Purpose  Cameras,  In  one  type 
of  panoramic  camera  a  spring-driven  mo 
tor,  controlled  by  a  governor,  revolves  the 
camera  on  the  tripod  and  winds  the  film 
on  a  receiving  spool.  The  exposure  is 
made  through  a  slit  across  the  film,  the 
film  moving  past  the  slit  at  exactly  the 
same  speed  as  the  image  moves,  so  that 
as  the  camera  revolves  it  photographs  the 
different  parts  of  the  subject  in  succession. 

In  a  second  type,  the  lens  is  pivoted 
over  the  rear  principal  point  and  swings 
through  a  portion  of  a  circle  during  the 
exposure,  forming  an  image  through  a  slit 
on  a  film  curved  in  a  partial  circle. 

Tricolor  ("one  shot")  cameras  for  mak 
ing  three  color-separation  negatives  em 
ploy  reflecting-transmitting  mirrors  to  ex 
pose  the  three  negatives  at  the  same  time 
through  a  single  lens. 

In  the  double-mirror  camera  (Fig.  7.18), 
one  image  is  formed  by  the  light  trans 
mitted  by  the  two  mirrors;  the  other  two 
images  by  reflection.  The  partially  re- 
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fleeting-transparent  mirrors  are  made  of 
thin  plastic  film  stretched  over  an  opti 
cally  flat  metal  frame.  These  are  called 
pellicle  mirrors  and,  in  some  cases,  are 
partially  metalized  to  increase  the  amount 
of  light  reflected. 
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1 —  70mm ' 

FIG.  7.19.     Placement  of  stereo  pairs  on  35mm. 
film. 

Tricolor  cameras  have  been  almost  com 
pletely  superseded  by  multilayer  color 
films. 

A  stereo  camera  consists  essentially  of 
two  identical  cameras  mounted  side  by 
side  with  all  controls  interconnected  for 
operation  of  the  two  cameras  as  a  single 
unit.  The  two  images  must  be  identical 
except  for  the  differences  due  to  their 
separation.  Thus,  the  lenses  must  be 
matched  in  focal  length  and  aperture, 

COOTE,   The  History  of  Three  Color  Cameras, 

Phot.  J.  81,  293   (1941). 
WALL,   History   of   Three   Color  Photography, 

American     Photographic    Publishing    Co., 

Boston,  1924. 


with  the  optical  axes  parallel  and  the  two 
images  exposed  alike  and,  for  objects  in 
motion,  at  the  same  time. 

All  American-made  stereo  cameras  use 
35  mm.  film,  the  picture  size  being  24  mm. 
high  and  23  mm.  wide  (0.95  X  0.87  in.). 
The  separation  of  the  two  lenses  is  usually 
approximately  70  mm.,  and  there  are  two 
pictures  belonging  to  other  stereo  pairs 
between  the  left  and  right  images  of  the 
same  stereo  pair  (Fig.  7.19). 

JUDGE,  Stereoscopic  Photography,  American 
Photographic  Publishing  Co.,  Boston, 
1935. 

SYMONS,  Stereo  Photography,  Focal  Press, 
London,  1957. 

ADAMS,  Camera  and  Lens.,  Morgan  &  Morgan, 
New  York,  1948. 

EMANUEL  AND  MATHESON,  Cameras — The 
Facts,  Focal  Press,  London,  1961. 

KEPPLER,  The  Eye-Level  Reflex,  Amphoto, 
New  York,  1961. 

LIPINSKY,  Miniature  and  Precision  Cameras, 
Iliffe  &  Sons,  Ltd.,  London,  1955. 

MORGAN,  Graphic  and  Graflex  Photography, 
Morgan  &  Morgan,  New  York,  1954. 

MORGAN  AND  LESTER,  The  Leica  Manual,  Mor 
gan  &  Morgan,  New  York,  1961. 
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don,  1954. 
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Chapter  8 

EXPOSURE  AND  EXPOSURE  METERS 


The  Exposure  of  the  Negative.  Photo 
graphic  exposure  is  defined  as  the  product 
of  the  illuminance  (on  the  film)  and  time. 
It  is  measured  in  units  of  meter-candle- 
seconds  or  footcandle-seconds.  A  meter- 
candle-second  is  an  exposure  equivalent  to 
that  produced  by  the  light  of  a  standard 
candle  at  a  distance  of  1  meter  in  1  sec. 

In  a  camera  exposure  the  time  is  con 
stant  for  all  of  the  image,  being  fixed  by 
the  shutter  speed.  The  different  lumi 
nances  of  the  various  parts  of  the  object 
produce  correspondingly  different  illumi- 


.  8.1.    Illuminated  cube. 


nance  values  in  the  image  on  the  film, 
depending  on  the  amounts  of  light  re 
flected  by  the  object.  If  we  assume,  for 
example,  that  the  amounts  of  light  re 
flected  from  the  sides  of  the  cube  in  Pig. 
8.1  vary,  as  shown,  then  the  exposure  for 
the  corresponding  portions  of  the  image 
will  vary  accordingly.1  The  three  expos 
ures  will  differ  in  accordance  with  the 
amounts  of  light  reflected. 


i  The  actual  differences  will  be  somewhat  less 
due  to  flare  in  the  lens  and  reflections  in  the 
camera.  See  Chapter  4. 


The  problem  in  exposing  the  negative  is 
to  determine  the  time  of  exposure  and  lens 
aperture,  which,  with  a  given  subject  and 
film,  will  produce  a  negative  from  which 
a  print  can  be  made  that  will  represent 
satisfactorily  the  tonal  differences  of  the 
various  parts  of  the  subject.2 

The  time  of  exposure  depends,  there 
fore,  on:  (1)  the  amounts  of  light  re 
flected  from  the  different  parts  of  the  sub 
ject;  (2)  the  effective  lens  aperture;  and 
(3)  the  sensitivity  of  the  film. 

The  amount  of  light  reflected  from  dif 
ferent  parts  of  the  subject  depends  on 
(1)  illuminance  and  (2)  the  object's  reflec 
tance  in  the  direction  of  the  camera.  Out 
doors  the  illuminance  on  the  subject  varies 
with  (a)  the  time  of  day;  (b)  the  time 
of  year;  (c)  latitude;  (d)  atmospheric 
conditions,  i.e.,  clear,  cloudy-bright,  dull, 
etc.;  and  (e)  reflectance  of  surroundings. 
With  artificial  light  the  illuminance  de 
pends  on  the  candlepower  of  the  lamps 
used,  their  distance  from  the  subject,  the 
effect  of  reflectors  and  diffusers,  and  the 
reflectance  of  the  surroundings. 

The  illuminance  is  not  always  the  same 
for  all  parts  of  the  subject.  Outdoors, 
parts  of  the  subject  may  be  illuminated  by 
direct  sunlight,  other  portions  by  skylight, 
and  other  portions  by  reflected  light  only. 
The  illuminance  may  be  further  reduced 
by  overhanging  trees,  tall  buildings,  etc. 

The  reflectances  of  different  parts  of  the 
subject  vary  widely.  Subjects  with  high 

2  In  specialized  applications,  such  as  speetrog- 
raphy,  star  mapping,  and  many  kinds  of  record 
ing,  other  criteria  such  as  a  fixed  density  may 
be  more  suitable. 
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reflectances,  such  as  water,  snow-covered 
fields,  and  desert  areas,  reflect  more  light 
than  foliage,  dark  bricks,  or  dark  build 
ings.  Every  scene  contains  a  range  of  re 
flectances  as,  for  example,  the  hull  of  a 
white  boat  surrounded  by  water  and  sky, 
a  figure  in  an  expanse  of  sand,  and  in  a 
portrait,  the  face  of  a  person  wearing  dark 
clothing.8 

The  Lens.  The  relationship  between  the 
luminance  (brightness)  of  object  points, 
the  lens,  and  the  illuminance  of  the  cor 
responding  image  points  has  been  dis 
cussed  in  Chapter  4.  For  practical  pur 
poses,  the  lens  factor  is  expressed  by  the 
//number,  although  this  applies  only  to 
(1)  the  axial  image;  (2)  an  object  at  the 
infinity  position  (ignoring  the  losses  from 
absorption  and  reflection  in  the  optical 
system)  ;  and  (3)  the  effect  of  flare  in  the 
lens  and  camera  on  the  distribution  of 
light  in  the  image.  Differences  in  lenses 
arising  from  light  reflection  at  the  glass- 
air  surfaces  have  largely  been  eliminated 
by  coating,  and  absorption  is  of  minor 
importance  in  light  transmission.  Lens 
coatings  have  also  tended  to  reduce  the 
effects  of  flare  on  the  light  distribution  in 
the  image.  The  variation  in  the  illumi 
nance  of  points  away  from  the  axis  de 
pends  upon  (1)  the  distance  from  the  axis 
and  thus  increases  with  the  angular  field; 
and  (2)  the  aperture,  the  variation  for  a 
given  angular  field  increasing  with  the 
lens  aperture.  Differences  of  50%  be 
tween  the  illuminance  of  the  axial  image 
points  and  those  in  the  corners  of  the  pic 
ture  area  are  common  with  photographic 
lenses,  and  in  many  cases  the  difference 


s  Jones  and  Condit,  The  Brightness  Scale  of 
Exterior  Scenes  and  the  Computation  of  Correct 
Photographic  Exposure,  /.  Opt.  Soc.  Am.  31,  651 
(November  1941).  Jones  and  Condit,  Sunlight 
and  Skylight  as  Determinants  of  Photographic 
Exposure,  Opt.  Soc.  Amer.  38,  123  (February 
1948);  39,  94  (February  1949). 


is  even  greater.  No  consideration  is  given 
to  this  effect  in  setting  the  camera  ex 
posures.  However,  the  constant  of  the 
exposure  meter  is  selected  to  give  satis 
factory  exposure  of  the  film  when  used 
in  an  average  camera.  The  variation  in 
the  //number  for  objects  closer  than  in 
finity  does  not  become  important  until  the 
distance  of  the  object  is  less  than  ten  times 
the  focal  length  of  the  lens. 

Exposure  Meters.  Exposure  meters 
measure  either  (1)  the  illuminance  on 
the  subject  (incident  light) ;  or  (2)  the 
light  reflected  from  the  subject,  and, 
through  calculating  devices,  interpret  the 
measurement  in  terms  of  lens  aperture  and 
shutter  time  for  the  selected  film.  Ex 
posure  meters  measuring  the  illuminance 
on  the  subject  by  the  darkening  of  a  light- 
sensitive  paper  are  now  obsolete  and  visual 
instruments  measuring  the  light  reflected 
from  the  subject  are  little  used.  The 
photoelectric  exposure  meter,  introduced 
in  America  about  1932,  has  from  a  prac 
tical  standpoint  replaced  all  other  types 
with  the  exceptions  to  be  noted  later. 

Components  of  Photoelectric  Meters. 
Conventional  exposure  meters  consist  of 
four  functional  components: 

1.  The  primary  detector,  which  is  usu 
ally  a  selenium  photovoltaic  cell,  generates 
an   electrical   current   in  response  to  the 
light  incident  on  it. 

2.  The  directional  means  is  used  to  re 
strict,  or  increase,  the  field  of  view  of  the 
cell. 

3.  The  electric  instrument  measures  the 
current  from  the   cell   and  indicates  the 
light. 

4.  The    exposure    computer    takes    into 
account  the  sensitivity  of  the  film  and  con 
verts  the   light   reading   into   camera-lens 
settings  and  shutter  speeds. 

The  Photovoltaic  Cell.  The  cells  (Fig. 
8.2)  used  in  exposure  meters  are  usually 
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PIG.  8.2.    Photovoltaic  cell. 


of  the  barrier-layer,  selenium  type,  and 
generate  an  open-circuit  voltage  substan 
tially  proportional  to  the  logarithm  of  the 
incident  light.  When  short  circuited,  the 
current  is  nearly  proportional  to  the  in 
cident  light  at  the  lower  values  of  illumi 
nance.  All  cells  manifest  a  drooping  char 
acteristic  with  increasing  illuminance  and 
with  increasing  load  resistance.  These 
characteristics  are  illustrated  in  Fig.  8.3. 

Because  of  the  less  desirable  character 
istics  of  the  cell  at  higher  illuminance, 
some  exposure  meters  have  a  mask  over 
the  cell  to  keep  the  maximum  illuminance 
around  100  footcandles.  Above  this  level 
the  errors  tend  to  increase.  Such  errors 
are  manifested  by  changes  in  current  due 
to  prolonged  exposure  to  high  illuminance 
(fatigue)  and  changes  in  current  with 
changes  in  the  ambient  temperature  in 
bright  light.  Cells  perform  better  with 
low-resistance  loads.  However,  to  obtain 
high  sensitivity,  an  instrument  of  2000 
or  3000  ohms  is  frequently  used.  These 
have  many  turns  of  small  wire  on  the 
moving  coils.  A  good  exposure  meter  is 
a  compromise  between  accurate  perform 
ance  with  a  low-resistance  electric  instru 


ment  and  high  sensitivity  with  a  high- 
resistance  instrument. 

Limiting  the  Acceptance  Angle.  In 
measuring  luminance  the  field  from  which 
light  is  accepted  by  the  cell  is  restricted 
to  about  the  angle  viewed  by  the  camera 
lens.  The  cell  responds  to  the  incident 
light  on  it  as  accepted  from  this  angular 
field,  but  the  instrument  scale  is  calibrated 
in  terms  of  the  luminance  of  a  uniform 
field  which  would  produce  the  same  in 
strument  reading.  There  is  no  technical 
reason  why  the  field  viewed  by  the  meter 
should  be  the  same  as  that  viewed  by  the 
camera  lens.  Critical  subject  matter  or 
lighting  within  the  field  usually  deter 
mines  the  preferred  exposure.  However, 
the  average  luminance  of  the  field  corre 
lates  well  with  the  subject  exposure.  Re- 
flected-light  meters  based  on  this  assump 
tion  have  proved  remarkably  dependable 
in  statistical  analyses  for  pictures  exposed 
outdoors. 

The  directional  means  may  consist  of  a 
hood,  or  a  hood  and  a  lens.  This  hood  is 
a  very  simple  way  of  controlling  the  ac 
ceptance,  but  lenses  used  in  conjunction 
with  louvers  can  be  designed  to  accept  a 
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FIG.  8.3.     Current    characteristics    of   selenium 
cells. 

little  more  light  from  the  central  area  of 
the  field  and  have  a  sharper  cut-off  at  the 
edges.  Because  the  cut-off  is  never  sud 
den,  the  field  is  usually  measured  in  terms 
of  the  angle  from  the  meter  axis  at  which 
the  response  of  the  cell  to  a  point  source 
is  50%  of  the  response  when  the  source 
is  on  the  axis.  Figure  8.4  shows  the  rela 
tive  response  of  a  meter,  as  a  point  source 
is  moved  off  the  axis,  for  various  direc 
tional  means. 

Incident-light  meters  are  frequently 
equipped  with  a  diffusing,  light-transmit 
ting  member  over  the  cell.  This  diffuser 
is  sometimes  designed  to  correct  the  re 
sponse  of  the  cell  to  oblique  light  so  that 
it  can  measure  true  illuminance  in  accord 
ance  with  Lambert's  Cosine  Law  (Fig. 
8.4). 


Some  incident-light  meters  have  convex 
diffusing  members  over  the  cell  and  are 
responsive  to  light  from  an  included  angle 
of  almost  300°  (Fig.  8.5).  Meters  of  this 
type  are  easy  to  read  because  they  are 
not  direction  sensitive.  Conversely,  they 
are  not  so  discriminating  nor  as  useful  for 
balancing  light  from  different  directions. 

The  spectral  response  of  selenium  cells 
(Fig.  8.6)  spans  the  visible  spectrum  and 
the  useful  portion  of  the  near  ultraviolet. 
The  response  is  nearer  to  that  of  the  film 
than  to  that  of  the  eye  and  is  sufficiently 
close  for  all  photographic  purposes.  Cells 
having  a  high  response  to  infrared  light, 
such  as  silicon  or  germanium  cells,  would 
be  of  little  value  for  general-purpose  pho 
tography. 

The  Electric  Instrument.  The  electric 
instrument  measures  the  microscopic  cur 
rent  generated  by  the  cell.  It  is  measured 
in  millionths  of  an  ampere.  The  instru 
ment  is  necessarily  very  sensitive  and, 
therefore,  fragile  in  comparison  with  most 
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FIG.  8.4.     Directional     response     of     exposure 
meter  to  off -axis  point  source. 
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FIG.  8.5.     Photosphere  of  Norwood  meter. 

photographic    apparatus.      It    should    be 
handled  as  carefully  as  a  watch. 

The  instruments  of  most  photoelectric 
exposure  meters  are  permanent-magnet, 
moving-coil  types.  One  example  is  illus 
trated  in  Fig.  8.7.  When  the  field  of  mag- 
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netic  flux  from  the  permanent  magnet  is 
threaded  by  the  electrical  current  in  the 
coil,  a  mechanical  torque  is  produced  on 
the  coil  which  turns  it  clockwise,  moving 
the  pointer  up-scale.  The  magnitude  of 
the  deflecting  torque  (Td)  is  given  by  the 
formula 

Td  -  indhBk 

To  get  maximum  torque,  designers  use  a 
large  cell  to  get  more  current  i,  many 
turns  n  on  the  moving  coil,  and  a  coil  of 
large  diameter  d  and  active  height  h.  A 
large  magnet  gives  a  high  flux  density  B. 
The  symbol  &  is  a  constant  depending  on 
the  units  used.  Instruments  are  provided 


MOVING  COIL 


PERMANENT   MAGNET 


FIG.  8.7.     Permanent-magnet     moving-coil     in 
strument  of  a  G-E  meter. 

with  control  springs  whose  torque  Tc  op 
poses  the  deflecting  torque  and  in  effect  is 
the  measure  of  the  deflecting  torque.  The 
full-scale  control-spring  torque  Tc  is  a 
function  of  the  spring  constant  M  and  the 
angular  deflection  6: 


When  the  pointer  comes  to  rest 

Tc  =  Td 

and  the  angular  pointer  deflection  is 
indhBk 


FIG.  8.6.     Spectral  response   of  cells. 
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The  apparent  deflection  sensitivity  0  can 
be  increased  by  using  a  low  spring  con 
stant  M,  but  the  limit  depends  on  the  bear 
ing  friction.  Friction  always  makes  the 
actual  indication  lag  behind  the  true  value. 
Sharp  pivots  have  less  friction  than  blunt 
pivots,  but  it  must  be  assumed  that  the 
pivots  may  become  somewhat  blunt  by 
rough  handling  in  ordinary  use.  This 
bearing  friction  is  proportional  to  the 
weight  of  the  moving  system.  Hence,  very 
fine  wire  and  small  parts  are  used.  The 
lower  the  control-spring  torque,  the  higher 
the  friction  error,  but  the  greater  the 
sensitivity. 

The  Computer.  The  computer  of  a  typi 
cal  exposure  meter  (Fig.  8.8)  is  usually  a 
circular  slide  rule  for  solving  the  subse 
quent  equations  (8.3)  and  (8.4)  relating 
either  reflected  or  incident  light  to  lens 
aperture,  shutter  time,  and  film  speed. 

Relations  Between  Illuminance  and 
Luminance  Readings.  If  the  incident- 
light  meter  (flat  cell)  is  held  at  a  in  Fig. 
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ILLUMINATION  I 


LARGE-AREA,UNIFORM,  DIFFUSING 
SURFACE    OF  REFLECTANCE    R-"" 


FIG.  8.9.     Relations    between    illuminance    and 
luminance  measurements. 

8.9  and  aimed  toward  the  source  of  light, 
it  will  indicate  the  illuminance  I  on  its 
cell  in  footcandles. 

If  the  meter  is  held  with  its  cell  parallel 
and  close  to  the  surface,  as  at  l>,  it  reads 
the  illuminance  Is  on  the  surface  (8). 


Is  =  I  cos  0  footcandles 


(8.1) 


FIG.  8.8. 


Exposure     computer 
meter. 


of     Weston 


where  6  is  the  angle  of  incidence.  This 
is  Lambert's  Law.  If  the  same  meter  is 
held  in  position  c  with  the  cell  aimed 
toward  and  parallel  to  the  surface,  it  will 
indicate  the  surface  luminance  B  for  re 
flectance  R. 

B  =  IR  cos  B  footlamberts      (8.2) 

A  footlambert  is  quantitatively  equal 
to  a  footcandle.  They  are  each  equal  to 
one  lumen  per  square  foot. 

Meters  having  flat  cells  do  not  respond 
to  extremely  oblique  light  and  will  read 
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about  0.8  of  the  true  luminance  when  used 
as  at  c.  A  cosine-corrected  incident-light 
meter  will  read  the  true  surface  luminance 
from  position  c.  Incident-light  meters 
having  extremely  convex  receivers  cannot 
be  used  to  measure  luminance  in  this 
manner  because  they  receive  light  from  a 
greater  angle  than  the  surface  source  sub 
tends. 


SURFACE   OF  UNIFORM 
LUMINANCE  B  , 


ILLUMINANCE    I 


FOCAL  PLANE 

FIG.  8.10.     Illuminance  in  the  focal  plane. 

The  reflected-light  meter  at  d  is  pro 
vided  with  a  directional  receiver  and  ac 
cepts  light  from  a  limited  angle.  It  is 
calibrated  to  indicate  the  true  luminance 
of  the  surface.  Its  indication  is  inde 
pendent  of  its  distance  from  the  surface 
provided  the  surface  always  subtends  its 
entire  field  of  view.  The  reflected-light 
meter  may  be  calibrated  in  luminance 
units,  either  footlamberts,  candles  per 
square  foot,  or  arbitrary  units. 

Calibration  Formulas  for  Meters.  The 
relations  between  light  and  exposure  4  are 
usually  expressed 


where 

Ev  =  exposure  value 
T  =  exposure  time  in  seconds 
A  —  //number  of  lens 
8  =  ASA  film  speed 
B  =  equivalent  field  luminance  in  foot- 
lamberts  (1  candle  per  sq.  ft.  =  ?r 
footlamberts) 

I  =  incident  light  in  footcandles 
K  =  exposure    constant    for    reflected- 
light  meters 
ASA  value  is 

K  =  3.6    ±  0.53     (for    calibra 
tion  at  2850#) 

K  =  3.33  =b  0.50     (for    calibra 
tion  at  4700#)4 

C  =  exposure    constant    for    incident- 
light  meters 
ASA  value  is 

C  =  22  =t  5    (for  calibration  at 

2850#) 

C  =  20.8  ±  5  (for  calibration  at 
4700#) 

Average  Scene  Reflectance.  The  re 
flectance  of  the  average  scene  for  which 
a  meter  is  calibrated  can  be  determined  by 
equating  formulas  (8.3)  and  (8.4)  and 
solving  for 


41  =  Bj.  =  2E" 
T        A 


Reflected  light     (8.3) 


^-2  =         =  2£o     Incident  light      (8.4) 
T         C 


B_K 
I  ~  C 


(8.5) 


4  American    Standard    for    Photographic    Expo 
sure   Meters   PH2.12-1961. 


Since  both  I  and  B  are  expressed  in 
units  of  lumens  per  square  foot,  the  equiv 
alent  scene  reflectance  for  the  latter  values 
of  K  and  C  is 

R  =  j  =  *  =  16%  (8.6) 

If  K  =  3.6  and  C  =  20,  R  =  18%.  Ko 
dak's  neutral  gray  card  was  designed  to 
have  18%  reflectance. 

The  hand  is  frequently  used  as  a  sub 
stitute  for  the  gray  card.  The  reflectance 
of  human  flesh  varies  between  30%  and 
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40%.  These  values  are  twice5  those  de 
sired  for  the  gray  card.  For  this  reason 
the  exposure  is  sometimes  doubled  when 
a  reflected-light  reading  is  made  on  flesh. 
The  illuminance  I  of  the  image  in  the 
focal  plane  of  the  camera  (Fig  8.10)  when 
focused  on  a  surface  of  uniform  luminance 
B  is 


gfl 


(8.7) 


where 


I  =  focal    plane    illuminance    in    foot- 
candles 

B  =  object  luminance  in  footlamberts 
A  =  //number  of  lens 
q  =  0.22  for  lens  transmission  of  95  per 
cent,    flare   factor    1.03,    vignetting 
factor  1,  and  at  12  degrees  off  axis.4"6 

Exposure  E  in  the  focal  plane  expressed 
in  footcandle-seconds  is 


E  =  IT 


(8.8) 


If  the  exposure  time  for  reflected-light 
meters  from  equation  (8.3)  and  the  focal- 
plane  illuminance  7  from  equation  (8.7) 
are  both  substituted  in  equation  (8.8), 
then 

E  =  f  =  ™*  (8.9) 

Thus,  the  standard  exposure 6  of  film 
(exposed  in  a  camera  to  a  surface  source 
of  uniform  luminance  upon  which  the  re 
flected-light  meter  is  also  read)  is  inde 
pendent  of  all  parameters  except  the  con 
stants  of  the  lens  and  meter,  and  the  film 


5  Stimson  and  Fee,  Color  and  Reflectance  of 
Human  Flesh,  /.  Soc.  Mot.  Pict  and  Tel.  Eng. 
60,  553  (May  1953). 

e  Stimson,  ' '  New  Developments  in  Exposure 
Meter  Techniques,"  presented  at  1946  National 
Convention  of  Photographic  Society  of  America, 
Rochester,  New  York. 


speed.7      It   is   a   unique    exposure   for   a 
given  film. 

The  ASA  speed  8  of  black-and-white, 
negative,  continuous-tone  films  is  based  on 
another  unique  exposure,  Em.  This  is  the 
exposure  required  to  produce  a  density  on 
the  film  0.1  above  fog  and  base  density  as 
determined  by  the  method  described  in 
American  Standard  PH  2.5-1960.8 

0  8 
Em  =  -3-     meter-candle-seconds     (8.10) 

o 

Dividing  by  10.76,  one  gets 
1 


Em    = 


13.5S 


footcandle-seconds     (8.11) 


If  the  value  of  8  from  equation  (8.11)  is 
substituted  into  equation  (8.9),  the  stand 
ard  focal-plane  exposure  is 


E  =  l3.5EmqK 


(8.12) 


This  means  that  the  unique  standard 
film  exposure  is  ten  times  the  exposure  re 
quired  to  obtain  the  density  of  0.1  above 
fog  and  base  density.  The  minimum  use 
ful  exposure  9  is  about  QA5Em.  A  film  of 
speed  ASA  32  exposed  for  1/40  sec.  re 
quires  1  footcandle  illuminance  in  the 
focal  plane  for  all  values  of  field  lumi 
nance. 

The  density  corresponding  to  the  stand 
ard  exposure  depends  on  the  processing 
of  the  film.  The  density  increases  with 
the  gamma  which  cannot  be  accurately 
predetermined.  Hence,  the  density  which 
would  result  from  the  exposure  reading 


7  Stimson,  Allen,  Measuring  and  Judging  Pho 
tographic  Exposure  of  Color  Film  for  Automatic 
Exposure-Controlled  Cameras,  Phot.  Sci.  and  Eng. 
4,  4  (July-August,  1960). 

s  American  Standard  Method  for  Determining 
Speed  of  Photographic  Negative  Materials  PH 
2.5-1960. 

Q  Nelson,  Safety  Factors  in  Camera  Exposures, 
Phot.  Soi.  and  Eng.  4,  1  (January-February, 
1960). 
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TABLE   8.1.       FOCAL-PLANE   ILLUMINANCE    (FT-C)    FOR   STANDARD   EXPOSURE    [K  =  3.6) 


Effective 
Time 

ASA  Film  Speeds 

I/sec. 

10 

32 

40 

125 

160 

200 

400 

4 

0.322 

0.101 

0.08 

0.026 

0.0201 

0.016 

0.008 

8 

0.644 

0.201 

0.161 

0.051 

0.040 

0.032 

0.016 

15  (16) 

,     1.29 

0.402 

0.322 

0.103 

0.080 

0.064 

0.032 

30  (32) 

2.58 

0.805 

0.644 

0.206 

0.161 

0.129 

0.064 

40 

3.22 

1.01 

0.805 

0.258 

0.201 

0.161 

0.081 

60  (64) 

5.15 

1.61 

1.29 

0.412 

0.322 

0.258 

0.129 

70 

5.63 

1.76 

1.41 

0.451 

0.352 

-  0.282 

0.141 

80 

6.44 

2.01 

1.61 

0.515 

0.402 

0.322 

0.161 

125  (128) 

10.3 

3.22 

2.58 

0.824 

0.644 

0.515 

0.258 

250  (256) 

20.6 

6.44 

5.15 

1.65 

1.29 

1.03 

0.515 

of  the  meter  on  a  uniformly  bright  surface 
may  not  be  constant.  Table  8.1  gives 
values  of  focal-plane  illuminance 7  for 
various  film  speeds  and  shutter-time  inter 
vals  using  K  —  3.6. 

Jones  and  Condit3  reported  the  lumi 
nance  range  of  the  average  scene  to  be 
160:1  but  that  the  corresponding  illumi 
nance  range  in  the  focal  plane  was  attenu 
ated  to  64 : 1  by  lens  flare  and  reflections. 
They  further  reported  that  the  maximum 
object  luminance  was  about  3.6  times  the 
average  scene  luminance.  The  standard 
exposure  E  corresponds  to  the  average 
scene  luminance.  By  combining  these 
facts  with  the  present  analysis,  the  bright 
est  object  in  the  scene  would  get  an  ex 
posure  of  3.6J57  and  the  darkest  object 
0.056J57.  The  relation  between  these  ob 
ject  luminances  and  the  film  exposures  is 
shown  graphically  in  Fig.  8.11. 

Logarithmic  Nomenclature.  The  cali 
bration  equations  (8.3)  and  (8.4)  may  be 
simplified  4  by  writing  them  in  logarithmic 
form  if  a  symbol  is  adopted  for  the  loga 
rithm  of  each  parameter : 

AV+TV  =  BV+SV  =  EV  Reflected  light  (8.13) 
AV+TV=  IV+SV  =  EV  Incident  light  (8.14) 


where 

Av  =  aperture  value  =  Iog2  Az 

Tv  =  time  value  =log2  (1/T) 

Bv  =  brightness  value        =  Iog2  (B/Q.3K) 
Iv  —  incident-light  value  =log2  (7/0.3C) 
&  =  ASA  film  speed  value  =  log2  (0.38) 
Ev  =  exposure  value 

It  should  be  noted  that  Bv  is  not  a  fun 
damental  unit  because  it  involves  the  ex 
posure-meter  constant  K.  This  constant 
varies  ±15%  between  meter  manufac 
turers  within  the  limits  of  the  American 
Standard.  It  cannot  have  a  unique  value 
until  meter  manufacturers  agree  on  meth 
ods  of  using  meters. 

Conversion  Table  8.2  shows  the  numeri 
cal  relation  between  units  in  the  arith 
metic  and  logarithmic  systems.  The  new 
nomenclature  is  called  the  APEX  system, 
meaning  the  Additive  System  of  Photo 
graphic  Exposure. 

This  additive  nomenclature  is  simple, 
easy  to  teach  and  learn,  and  simplifies  ex 
posure  calculations.  Photographers  who 
have  become  accustomed  to  thinking  of 
depth  of  field  and  exposure  in  terms  of  // 
numbers  will  probably  continue  to  do  so. 
Others  will  find  the  new  designations  more 
understandable. 
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—HI  25:1 
FACTOR    OF    SAFETY— J 


RANGE  OF   EXPOSURE   IN   FOCAL  PLANE   FOR  AVERAGE   SCENE- 

FIG.  8.11.     Relation  between  object  luminance  and  film  exposures. 


Use  of  Exposure  Meters.  American- 
made  exposure  meters  which  conform  to 
the  American  Standard4  are  sufficiently 
accurate  for  all  photographic  purposes. 
The  meter  will  indicate  the  standard  ex 
posure  for  the  equivalent  average  lumi 
nance  of  any  scene  or  for  the  incident 
light  at  the  meter  position.  This  standard 
exposure  is  the  preferred  exposure  for 
most  scenes.  It  is  obviously  possible  to 
deceive  the  meter  by  aiming  it  at  a  rela 
tively  small  object  in  a  large  field  of  con 
trasting  luminance.  The  white  cat  on  the 
coal  pile  is  a  classic  example.  The  meter 
indicates  an  exposure  more  suitable  for 
the  black  coal,  and  the  cat  is  overexposed. 


A  person's  shaded  face  against  a  bright 
blue-sky  background  is  an  example  of  the 
opposite  case  in  which  the  face  would  be 
underexposed.  A  close-up  reading  on  the 
subject  of  principal  interest  is  the  usual 
solution  to  this  type  of  exposure  problem. 
If  a  reading  from  camera  position  only  is 
made,  the  lens  may  be  opened  or  closed 
up  to  one  //stop  difference  from  the  meter 
indication.  However,  most  people  make 
mistakes  in  trying  to  improve  the  metered 
exposure  and,  in  general,  get  better  results 
if  they  follow  the  meter  precisely. 

The  incident-light  meter  can  also  be 
misinterpreted.  In  photographing  a  dark 
subject  the  meter  may  indicate  one  //stop 
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TABLE   8.2.      CONVERSION    TABLE* 


Time 

Aperture 

Film  Speed 

Luminance! 

Incident  Light§ 

Exposure 

5Pt 
sec. 

TV 

A 
// 

Av 

Sx 

Sv 

B 

Ft.-L. 

Bo 

c./sq.  ft. 

Bv 

/ 
Ft.-c. 

Iv 

A2/T 

Ev 

1 

0 

1 

0 

3 

0° 

1 

0.32 

0 

6 

0 

1 

0 

1/2 

1 

1.4 

1 

6 

1° 

2 

0.64 

1 

12 

1 

2 

1 

1/4 

2 

2 

2 

12 

2° 

4 

1.25 

2 

25 

2 

4 

2 

1/8  
1/15 

o 

4 

-2.8- 
4 

—  3- 
4 

—  25- 
50 

—  3°- 

4° 

8- 
16 

—  2.50- 
5.00 

3_ 

4 

50- 
100 

—  3- 

4 

8- 
16 

—  3 

4 

1/30 

5 

5.6 

5 

100 

5° 

32 

10.0 

5 

200 

5 

32 

5 

1/60 

6 

8 

6 

200 

6° 

64 

20.0 

6 

400 

6 

64 

6 

1/125 

7 

11 

7 

400 

7° 

125 

40.0 

7 

800 

7 

125 

7 

1/250 

8 

16 

8 

800 

8° 

250 

80.0 

8 

1600 

8 

250 

8 

1/500 

9 

22 

9 

1600 

9° 

500 

160 

9 

3200 

9 

500 

9 

1/1000 

10 

32 

10 

3200 

10° 

1000 
2000 

320 
640 

10 
11 

6400 
12,500 

10 
11 

1000 
2000 

10 
11 

4000 

1250 

12 

25,000 

12 

4000 

12 

13 

8000 

13 

16,000 

14 

32,000 

15 

64,000 

16 

125,000 

17 

250,000 

18 

*  For  nomenclature,  see  pages  138  and  140. 

t  The  tabular  values  of  T,  A,  Sx,  B,  B0}  and  /  are  rounded  off  to  a  uniform  series  of  numbers  which  are 
easy  to  remember.  However,  the  actual  numbers  to  be  used  in  designing  and  calibrating  equipment  are  in 
geometric  progression  starting  with  the  values  on  the  fourth  line. 

{  Luminance  for  #0  =  1.061  and  K  =  3.333.  This  value  is  somewhat  lower  than  that  given  in  PH2.12- 
1957  because  of  calibration  at  4700.K  instead  of  2700£. 

§  Illuminance  for  C  =  20.83. 


less  exposure  than  actually  required.  Con 
versely,  the  incident-light  reading  may 
lead  to  overexposure  of  a  white  subject. 

The  most  dependable  method  of  using 
the  exposure  meter  in  color  photography 
for  a  specific  subject  is  to  average  the 
two  exposures  determined  from  the  close- 
up  reflected-light  reading,  and  the  inci 
dent-light  reading  at  the  subject  position. 
Meters  have  been  patented  which  make 
both  measurements  simultaneously,  but 
they  have  been  unsuitable  for  general- 
purpose  photography. 

Reflected-light  meters,  used  from  the 
camera  position,  sometimes  indicate  under 
exposure  for  open  scenes,  or  distant  out 
door  subjects,  when  too  much  of  the  sky 


is  included  in  the  measured  field.  It  is 
usually  sufficient  to  angle  the  meter  down 
ward  so  as  to  eliminate,  or  at  least  reduce, 
the  amount  of  skylight  included  in  the 
measurement.  Some  photographers  meas 
ure  the  sky  and  the  foreground  separately, 
averaging  the  two  readings.  This  is  a 
useful  method  if  the  foreground  is  dark. 
Close-up  readings  are  sometimes  prefer 
able  to  those  made  from  the  position  of  the 
camera  as  explained  above.  In  making 
close-up  readings,  the  meter  should  be  close 
to  the  area  to  be  measured  and  aimed 
from  the  direction  of  the  camera.  Where  a 
close-up  reading  is  not  possible,  objects 
of  similar  reflectances  may  be  available 
that  can  be  measured. 
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Incident-light  meters  are  of  two  types: 
those  in  which  the  light  receiver  is  flat  and 
those  in  which  it  is  convex.  The  latter 
include  a  wider  angle,  measuring  the  light 
reaching  the  subject  from  the  sides.  The 
important  point  to  remember  in  using  an 
incident-light  meter  is  to  measure  the  il 
luminance  on  the  subject.  Where  it  can 
be  done,  this  means  measuring  the  illumi 
nance  at  the  position  of  the  subject  with 
the  cell  facing  the  camera  With  meters 
having  flat  cells  and  for  side-lighted  sub 
jects,  a  measurement  may  first  be  made 
with  the  cell  directed  toward  the  camera, 
and  then  toward  the  source  of  the  side 
lighting.  If  the  difference  in  the  reading 
is  small  (1:4  for  color  work  or  1 :  32  for 
black  and  white),  the  reading  from  the 
direction  of  the  camera  will  ordinarily  be 
satisfactory.  If  the  difference  is  greater, 
the  median  exposure  of  the  two  readings 
should  be  used. 

Photoconductive  Cells.  The  photocon 
ductivity  effect  in  selenium  was  observed 
by  Willoughby  Smith  in  1873.  Many 
other  photoconducting  materials  were  sub 
sequently  discovered,  notably  cuprous  ox 
ide  and  thallous  sulfide.  Cadmium  sulfide 
was  first  investigated  about  1920.  Because 
of  low  sensitivity  and  relative  instability, 
photoconductors  were  little  used  until 
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FIG.  8.12.     Schematic  circuit  for  photoconduc 
tive  cell. 
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ILLUMINATION  (FOOTCANDLES) 

FIG.  8.13.     Curves  showing  the  relationship  be 
tween   current,    illumination,    and   external   re 
sistance   for   a   typical  photoconductive   cell. 

World  War  II.  For  infrared  communica 
tion  both  thallous  sulfide  and  lead  sulfide 
cells  were  used.  After  the  war  cadmium 
sulfide  and  cadmium  selenide  cells  were 
made  available.  These  had  good  sensitiv 
ity  and  were  capable  of  carrying  relatively 
large  control  currents.  While  the  resist 
ance  characteristics  changed  with  time, 
they  were  used  for  relay  circuits  and  even 
X-ray  exposure  meters.  Further  develop 
ment  of  cadmium  sulfide  and  cadmium  sel 
enide  photoconductive  cells  has  resulted  in 
improved  stability  sufficient  for  measure 
ment  purposes.  Some  manufacturers 
make  cells  comparable  in  stability  with 
selenium  photovoltaic  cells. 

The  development  of  tiny  batteries  of 
the  hearing-aid  type  made  photoconductive 
cells  practical  for  exposure  meters.  The 
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EXPOSURE  AND  EXPOSURE  METERS 


I.  Meter  coil 

2  Viewing  lenses. 

3  Mirror  'spot' 

4  Range  shift  d'sc. 

5  Colour  matching 
d»sc. 
Collecting   lenses 

.    Wedges 

8  Photoelectric  cell. 

9  Diffusing     bulb. 

10  Dry    battery 

1 1  Exposure  &.  F  C. 
scales. 

12  Stop  &.  film  speed 
scales 

13  Lamp  switch. 
(4  Rheostat 


FIG.  8.14.     SEI   exposure  meter. 

usual  mercury-type  batteries  provide  al 
most  constant  voltage  during  their  useful 
life,  although  they  do  not  provide  much 
current  at  freezing  temperatures. 

Cadmium  sulfide  cells  have  somewhat 
different  spectral  sensitivities  than  sele 
nium  cells.  Actually,  a  variety  of  spectral 
characteristics  are  available  and  this  fac 
tor  is  considered  in  each  application. 


Photoconductive  cells  perform  best  in 
bright  light  whereas  selenium  cells  are 
better  at  low  illumination.  The  change  in 
resistance  of  the  cells  is  proportional  to 
the  illumination.  When  connected  to  a 
circuit,  as  in  Fig.  8.12,  the  resistance  of 
the  electric  instrument  acts  as  a  ballast 
causing  a  drooping  current  characteristic 
similar  to  that  of  selenium  cells  (Fig. 
8.13). 

The  sensitivity  obtainable  per  volt  with 
cadmium  sulfide  cells  is  of  the  order  of  100 
times  that  of  selenium  photovoltaic  cells. 
Exposure-meter  designers  can  use  this 
gain  to  improve  the  sturdiness  of  the  in 
strument,  to  reduce  the  field  angle,  or  for 
operation  at  lower  illumination. 

Photoconductive  cells  are  more  expen 
sive  than  selenium  photovoltaic  cells  when 
they  are  hermetically  sealed  against  mois 
ture.  They  have  the  advantage  of  small 
size  combined  with  high  sensitivity  and 
hence  are  more  convenient  for  use  in 
compact  cameras. 

Other  Exposure  Meters.  A  few  meters 
are  available  which  enable  the  amount  of 
light  reflected  from  a  small  area  of  the 
subject  to  be  measured.  One  of  these  10 

10  Made  by  Salford  Electrical  Instruments,  Ltd., 
England.  See  Dunn  and  Plant,  Phot.  J.  85B,  114 
(1945);  and  Dunn,  Brit.  J.  Phot.  95,  23  (1948). 


PIG.  8.15.    Elwood  Fotometer. 
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(Fig.  8.14)  consists  of  a  small  telescope 
in  which  the  image  is  seen.  A  small  com 
parison  spot  is  formed  in  the  center  of 
the  field  by  the  mirrors,  which  is  illumi 
nated  by  the  lamp  (9),  operated  from  a 
dry  battery  (10).  The  luminance  of  the 
comparison  spot  can  be  varied  by  rotation 
of  the  optical  wedges  (7).  A  color  filter 
(5)  aids  in  matching  brightness  by  re 
ducing  color  differences.  The  light  source 
is  standardized,  before  use,  by  means  of  a 
photoelectric  cell  (9)  which  through  the 
rheostat  (14)  enables  the  illuminance  on 
the  comparison  spot  to  be  brought  to  the 
reference  point  on  the  ammeter.  Scales, 
not  shown  in  the  illustration,  enable  the 
exposure  to  be  calculated  from  the  reading. 

Another  meter,11  shown  in  Fig.  8.15, 
consists  of  a  telescope  (l)-(2)  with  a 
small  photocell  (3)  operated  from  mercury 
batteries  (4).  A  filter  is  provided  (5)  to 
adjust  the  color  response  of  the  cell.  On 
looking  through  the  instrument  the  sub 
ject  is  seen  with  a  dark  circle  in  the  center 
which  defines  the  field  measured  by  the  in 
strument  (Fig.  8.16).  The  illuminance 
on  the  cell  controls  the  flow  of  current  to 
the  meter  (6)  which  actuates  the  pointer 
on  the  scale  seen  in  the  illustration.  Scales 
on  the  outside  of  the  instrument  enable 
the  exposure  to  be  calculated  from  the 
light  reading  for  different  film  speeds. 

Exposure  Meters  for  Electronic  Flash. 
With  electronic  flash  sources  the  duration 
of  the  flash  is  too  short  for  measurement 
by  selenium-cell  exposure  meters.  The 
light  output  of  electronic  flash  lamps  may 
be  measured,12  however,  by  a  vacuum  pho- 


11  Made  by  Fotomatic  Corp.,  Indianapolis,  Ind. 

12  Noel  and  Davis,  Exposure  Meter  for  Elec 
tronic  Flash  Lamps,  P.S.A.  Journal  16,  11  (Jan 
uary  1950). 


FIG.  8.16.    Photometric  field  of  Elwood 
Fotometer. 

totube,  the  current  flow  from  which  is  used 
to  charge  a  capacitor.  The  voltage  across 
the  capacitor  is  proportional  to  the  inte 
gral  of  current  and  time  and,  since  the 
current  is  proportional  to  the  illuminance, 
the  capacitor  voltage  is  proportional  to 
the  integral  of  light  and  time.  The  instru 
ment  which  measures  the  capacitor  voltage 
can,  therefore,  be  calibrated  in  footcandle- 
seconds  or,  for  a  given  film  speed,  directly 
in  //numbers.  General  Eadio  Company, 
Cambridge,  Massachusetts,  makes  an  in 
tegrating  light  meter  of  this  type.  The 
cost  of  such  meters  and  the  need  for  120- 
volt  electric  power  limits  their  use  to  the 
professional  studio. 

BERG,  Exposure,  Focal  Press,  London  and  New 
York,  1955. 

DUNN,  Exposure  Meters  and  Practical  Expos 
ure  Control,  Fountain  Press,  London,  1952. 

WHITE,  Exposure  with  the  Zone  System,  Mor 
gan  and  Morgan,  New  York,  1961. 


Chapter  9 

RADIATION  SENSITIVE  SYSTEMS 


A  practical  image  formation  system 
should  fulfill  certain  basic  requirements. 
To  be  efficient,  it  should  be  sensitive  to  the 
radiation  to  be  utilized.  Kadiation  should 
alter  the  mechanism  so  that  information 
may  be  obtained  either  directly  or  in 
directly.  The  image  should  relate  itself 
to  the  area  where  the  radiation  affected 
the  system.  The  end  product  should  be 
reasonably  stable  and  be  retained  for  the 
desired  time  of  use.  The  image  should  be 
produced  in  amounts  proportional  to  the 
varied  amounts  of  radiation  received  by 
the  system.  Preferably,  the  system  should 
be  nontoxic,  simple,  and  economical.  The 
end  use  of  the  system  will  dictate  the  de 
gree  to  which  the  above  factors  apply. 

Radiation  is  defined  as  energy  contained 
in  the  electromagnetic  spectrum  and  light 
as  those  wave  lengths  to  which  the  human 
eye,  optic  nerves,  and  brain  are  sensitive. 
Although  most  of  the  presently  utilized 
image  forming  systems  are  sensitive  to  the 
ultraviolet  and  visible  radiations,  some 
practical  methods  employ  other  wave 
length  areas. 

Silver  Processes.  Silver  salts,  either  in 
organic  or  organic,  particularly  silver 
halides,  exhibit  sensitivity  to  the  ultra 
violet  and  the  shorter  wave  lengths  of  the 
visible  spectrum.  It  is  possible  to  sensitize 
these  systems  to  other  wave  lengths. 
These  salts  can  be  reduced  to  silver  metal 
by  the  direct  action  of  radiation  by  a  proc 
ess  known  as  photolysis.  Silver  organic 
salts,  such  as  silver  citrate,  are  utilized  in 
printing-out  emulsions  for  the  direct  pro 
duction  of  an  image.  The  halides  are 
usually  incorporated  in  emulsions  which 


are  sufficiently  sensitive  to  form  a  non- 
visible  product  or  latent  image  which  can 
then  be  developed  to  produce  a  visible 
silver  image.  This  is  an  example  of  an 
indirect  system  and  is  often  referred  to  as 
developing-out. 

Emulsions  of  silver  molybdate,  silver 
azide,  and  silver  tungstate  have  been  pre 
pared  and  their  properties  investigated.1 
In  general,  such  emulsions  are  very  slow 
and  sensitive  primarily  to  the  more  ener 
getic  ultraviolet,  visible  wave  lengths  and 
gamma  rays.  Dosimetry  monitoring  has 
been  suggested  as  an  application  area. 

Thallous  Halides.  Thallous  halides  can 
be  used  in  image  forming  systems  and 
seem  to  be  sensitizible.  Practical  applica 
tion  seems  doubtful,  due  partly  to  the  high 
toxicity  of  the  thallium  compounds.2 

Phototropic  Compounds.  Considerable 
interest  has  been  shown 3  in  phototropic 
reactions  of  compounds.  The  utilization 
of  phosphotungstic  and  silicotungstic  acids 
to  produce  images  when  radiated  has  been 
studied.  The  phototropic  aspect  of  these 
compounds  suggests  a  reusable  printing- 
out  material.  The  photochemically  re 
duced  phosphotungstous  acid  in  the  pres 
ence  of  oxygen  will  reduce  ferric  salts  and 
precipitate  noble  metals  from  certain  com 
pounds.  Gray  to  brown  images  can  be 
obtained  by  processing  an  exposed  phos 
photungstic  coating  first  in  silver  nitrate, 


1  Tomoda,  J.  Soc.  Sci.  Phot.  Japan  22,   No.   2, 
78-82   (June  1959).     Tomoda  and  Kawasaki,  Bat- 
telle  Tech.  Kev.  8,  146a   (March  1959). 

2  Hill,    J.    Soc.    Mot.    Pict.    and    Tel.    Eng.    59, 
58-66    (July   1952). 

sChalkley,  Chem.  Revs.  VI,  No.  2   (June  1929). 
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rinsing,  and  then  in  a  potassium  iodide 
solution.  Development  is  carried  out  in  a 
silver  nitrate,  sulfite,  thiosulfate,  Amidol 
solution,  and  fixation  is  accomplished  by 
a  simple  20%  thiosulfate  solution.4 

Iron  Processes.  The  photolysis  of  the 
ferric  ion  to  the  ferrous  ion  constitutes 
the  basis  of  the  many  iron  processes. 

Typical  blueprint  processes  (Herschel, 
1842)  involve  the  reduction  of  the  ferric 
ammonium  citrate-potassium  ferricyanide 
coating.  When  the  system  is  processed 
in  water,  the  resulting  ferricferrocyanide 
complex  of  Prussian  blue  forms  the  image 
(Fe4[Fe(CN)6]3).  The  Cyanotype,  or 
positive  blueprint,  is  formed  by  coating 
the  paper  with  a  more  radiation  sensitive 
ferric  mixture,  exposing,  and  processing 
in  a  potassium  ferricyanide  solution  which 
yields  the  complex  of  ferrous  ferricyanide 
or  Turnbull's  blue  (Pe3[Fe(CN)6]2). 

The  photolytic  response  of  the  ferric 
ion  has  also  been  utilized  to  form  metallic 
images  when  ferrous  ion  is  reacted  with 
the  proper  cations.  Papers  coated  with 
ferric  and  silver  compounds  have  been  suc 
cessfully  used  to  produce  silver  images. 
The  Van  Dyke,  or  brown  tone*,  and  argento- 
type  (Herschel,  1842),  or  Kallitype  (Nicol, 
1889)  have  the  following  reactions: 


Fe+3  and  radiation- 
Fe+3  and  Ag+ 


-»Ag°  and  Fe+3 


Herschel  noted  also  that  platinum  and  pal 
ladium  ions  exhibit  reactions  similar  to  the 
reaction  of  silver  ions  combined  with  fer 
ric  compounds.  Such  reactions  have  been 
utilized  in  photography  as  printing  proc 
esses  (Platinotype  and  Palladiotype). 

Chromate  Processes.  The  action  of  ra 
diation  on  chromate  compounds  is  not  com 
pletely  understood.  However,  the  reduc 
tion  of  Cr+6  to  Cr+8  by  exposure  appears  to 
form  a  complex  which  will  harden  colloids, 

^Chalkley,  J.  Opt.  Soc.  Amer.  44,  No.  9,  699- 
702  (September  1954). 


such  as  gelatin,  albumen,  and  glue.  The 
protein  colloids  are  usually  sensitized  by 
potassium  bichromate,  and  the  exposure  to 
the  ultraviolet  and  shorter  wave  lengths  of 
the  visible  spectrum  increases  the  resistance 
to  warm-water  solubility  sufficiently  that 
unexposed  bichromated  colloid  is  removed 
and  the  exposed  portion  retained. 

The  fact  that  a  combination  of  silver  and 
bichromate  will  harden  gelatin  was  discov 
ered  by  Howard  Farmer  in  1899  and  forms 
the  basis  of  such  processes  as  the  carbro 
and  bromoil  methods  of  image  formation. 

The  majority  of  the  present  applications 
of  the  bichromated  colloid  systems  are  for 
the  production  of  plates  for  lithographic 
reproductions. 

Photosensitive  Glass.  Certain  glasses 
respond  to  ultraviolet  radiation,  and  the 
resultant  change  in  the  glass  can  be  made 
visible  by  the  application  of  high  tempera 
tures.  Copper,  silver,  and  gold  have  been 
incorporated  with  sensitizing  agents,  such 
as  cerium,  in  the  manufacture  of  glasses 
which  produce  metallic  colored  images.5 

The  addition  of  ultraviolet  absorbers, 
photoactive  metals,  optical  sensitizers  and, 
in  some  cases,  thermo-reducing  agents  to 
typical  silicate  glasses  have  made  photo 
graphically  practical  printing  systems. 

Although  the  glass  is  sensitive  to  ionizing 
radiation,  contact  printing  is  achieved  by 
exposing  the  system  to  radiation  of  approx 
imately  300  to  350  mju  (millimicrons).  A 
typical  exposure  would  be  about  10  min. 
with  an  arc  lamp  placed  12  in.  from  the 
glass.  The  unexposed  materials  may  be 
handled  in  normal  room  illumination.  The 
color  and  penetration  of  the  image  is  af 
fected  by  exposure.  When  a  barium-base 
glass  contains  gold  as  the  coloring  material 
and  cerium  as  a  sensitizer,  and  is  progres 
sively  exposed,  a  blue  color  is  first  noted 
and  intensifies,  giving  way  to  purple,  ruby, 

s  Stookey,  Ind.  Eng.  Chem.  41,  856-861  (April 
1949). 
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and  amber.     Density  is  a  function  of  the 
color   and   physical   depth   of   the   image. 
The  penetration  of  the  image  is  controlled 
by  the  intensity,  duration,  and  wave  length 
of  the  exposure.   The  shorter  wave  lengths, 
below  315  m/Li,  confine  the  image  to  the  sur 
face  and  near-surface  depths  of  the  glass, 
whereas  exposure  to  only  those  above  340 
m/ut  produces  images  to  a  depth  of  about 
2    in.      Natural    absorption    of    radiation 
energy  by  the  glass  produces  an  exposure 
gradient  within  the  glass  thickness,  thus 
affecting  the  color  of  the  image  with  depth. 
Development  is  produced  by  heating  the 
material  to  a  temperature  at  or  above  its 
annealing  temperature,   and  further  con 
trol  of  the  image  characteristics  is  afforded 
by  the  developing  times  employed.     Nor 
mal  heating  and  cooling  rates  do  not  pro 
duce  significant  results.     A  typically  ex 
posed,  photosensitive,  gold  glass  developed 
at  620° C.  for  10  min.  will  produce  low- 
contrast,    surface    images    of    pink    color. 
Further  developing  time  at  the  same  tem 
perature    will    produce    greater    contrast, 
moderate   penetration,   and  a  blue-purple 
image.    When  the  glass  is  cooled,  it  does 
not  undergo  any  further  image  changes, 
unless  the  developing  temperature  is  re- 
introduced. 

Development  can  be  terminated  by  cool 
ing  and  further  development  can  be  under 
taken  by  reheating.  The  image  is  "fixed" 
by  maintaining  the  glass  at  normal  tem 
peratures. 

The  inventor  has  suggested  that  the 
image  is  produced  in  two  steps :  (1)  Eadia- 
tion  causes  electrons  to  be  emitted  from 
the  photosensitive  ions  and  to  be  held  in 
a  metastable  activated  state  within  traps 
which  are  located  near  the  radiated  par 
ent  ion.  (2)  Upon  heating  the  glass  be 
comes  less  viscous  and  allows  the  electrons 
to  join  with  the  metal  ions  to  produce 
metallic  atoms. 

Photosensitive   opal   glass   produces   an 
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image  composed  of  nonmetallic,  light-dif 
fusing  crystals  whose  formation  is  nu 
cleated  by  radiation  produced  metallic 
particles.  An  interesting  characteristic  of 
the  image  lies  in  the  fact  that  it  can  be 
etched  much  more  rapidly  than  the  unex- 
posed  glass.6 

"Photo-staining"  involves  placing  a  sil 
ver  emulsion  image  in  contact  with  window 
or  plate  glass,  heating  to  allow  migration 
of  the  silver  ions  into  the  surface  of  the 
glass,  and  reduction  by  further  heating 
in  a  reducing  atmosphere  (20  to  50 %  hy 
drogen  in  nitrogen)  to  produce  a  silver 

metal  image.7 

Photothermographic  Processes.  Copy 
material  containing  dark  images  will  radi- 
ate  heat  in  the  image  areas  when  it  is  ex 
posed  to,  and  absorbs,  infrared  radiation. 
The  utilization  of  this  thermal  energy  has 
been  employed  in  many  unique  ways  to 
produce  images.  In  the  majority  of  cases, 
the  systems  are  composed  of  two  or  more 
compounds  separated  from  each  other  and 
dispersed  in  a  medium,  such  as  gelatin  or 
cellulose  esters.  Thermal  energy  allows 
the  compounds  to  react. 

An  early  thermographic  system  em 
ployed  a  colored  opaque  backing  and  a 
wax  coating,  such  as  carnauba  or  typical 
stearates.  The  thermal  energy  from  the 
copy  images  melted  the  adjacent  wax 
which  formed  translucent  areas  in  the 
backing.8  Metal  sulfide  images  can  be 
formed  by  allowing  the  heat  radiated  from 
the  copy  images  to  allow  the  combination 
of  a  metallic  compound  (lead  acetate)  to 
react  with  a  sulfur  compound  (thiourea). 
Such  a  combination  can  be  accomplished 

e  Stookey,  /.  Ind.  #  Eng.  Chem.  44,  174-176 
(January  1954). 

7  Stookey,  U.S.P.  2,732,298,  Producing  a  Pho 
tograph  on  Glass.  Assigned  to  Corning  Glass 
Works  Inc. 

s  Taylor  and  Clark,  U.S.P.  2,668,126,  Heat 
Sensitive  Copying  Paper.  Assigned  to  Minnesota 
Mining  &  Mfg.  Co. 
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when  a  protective  material  is  melted  by 
the  radiated  heat.  A  fatty  acid-salt  of  a 
heavy  metal  may  incorporate  both  metal 
and  the  protective  material.9 

Iron  soaps,  such  as  ferric  stearates,  can 
combine  with  gallic  or  pyrogallic  acid  to 
produce  blue-black  images  when  heat  melts 
a  protective  stearate  layer.10  A  dye  may 
be  formed  by  using  the  heat  to  alter  a 
system  and  allow  such  compounds  as  a 
hydroquinone  ( 2-methyl-5-palmitroylhy- 
droquinone)  and  a  p-quinone  (2-methyl-5- 
w-hexadecyl-p-quinone)  to  react.11 

Mercurous  oxalate  and  other  metallic 
compounds  have  been  investigated  and 
found  to  respond  to  thermal  energy.12 

A  diazo  material  may  be  separated  by 
a  layer  which  melts  below  the  decomposi 
tion  temperature  of  the  diazo  compound 
and  a  coupler.  The  thermal  energy  of  ex 
posure  melts  the  separating  layer  and 
coupling  produces  a  dye.  The  light  de 
stroys  the  diazo  molecules  in  the  nonimage 
areas.13 

Alteration  of  pH  by  absorption  of  ther 
mal  energy  on  a  compound  can  affect  a 
colorless  base  dye  and  produce  a  colored 
image.14  Other  standard  reactions  are  pos- 


9  Miller  and  Clark,  U.S.P.  2,663,656,  Heat-Sensi 
tive  Copying  Paper.     Assigned  to  Minnesota  Min 
ing  &  Mfg.  Co. 

10  Miller    and    Clark,    U.S.P.    2,663,654,    Heat- 
Sensitive  Copying  Paper.     Assigned  to  Minnesota 
Mining  &  Mfg.  Co. 

11  Crevling,  Haag,  and  Abbott,  U.S.P.  2,889,334, 
Thermographic    Copying    Material.      Assigned    to 
Eastman  Kodak  Co. 

12  van  der  Meulen  and  Countryman,  Phot.  Eng. 
4,   No.   2,   104-112    (1953).     van  der  Meulen  and 
Gillman,     U.S.P.     2,933,389,     Photothermographic 
Layer.     Assigned  to  the  United  States  of  Amer 
ica. 

is  Kendall  and  Reynolds,  B.P.  815,005,  Radi 
ation-Sensitive  Diazotype  Materials.  Assigned  to 
Ilford  Ltd. 

i^Sprague  and  Friello,  U.S.P.  2,940,866,  Heat- 
Sensitive  Copying  Material.  Assigned  to  Sperry 
Rand  Corp. 


sible  when  the  reacting  components  are 
separated  by  a  heat  alterable  material. 
Many  have  been  patented. 

Diazo  Processes.  The  basis  of  diazo 
processes  involves  practically  colorless 
dyes  containing  a  chromophore,  such  as 
— N=N —  (azo  linkage),  and  organic 
structures.  Diazos  utilized  in  the  produc 
tion  of  diazotypes  are  selected  for  their 
ability  to  react  with  radiation  and  couple 
with  another  molecule  and  produce  a  vis 
ible  image.  They  are  usually  derivatives 
of  phenolic  compounds.  The  sensitivity 
of  such  dyes  lies  in  the  ultraviolet  and 
violet  range  of  the  spectrum. 

When  a  diazonium  molecule  is  exposed 
to  radiation,  it  is  decomposed  and  nitro 
gen  is  released  from  the  molecule.  The 
product  produced  is  relatively  colorless 
and  is  inactive  during  further  processing. 
A  coupler  reacts  with  the  unexposed  mole 
cule  and  produces  a  visible  dye.  Present 
diazo  sensitized  materials  involve  the  above 
reaction  but  are  of  two  different  types. 
The  " moist  process"  contains  a  coating 
of  a  diazo  compound  which  is  decomposed 
by  radiation  and  then  a  coupler  forms  a 
dye  in  those  areas  which  were  not  affected 
by  exposure.  The  "dry  process77  con 
tains  a  coating  of  both  the  diazo  and 
coupler  molecules  in  an  acidic  environ 
ment  which  protects  against  pre-exposure 
coupling.  Radiation  reaction  is  the  same 
as  in  the  " moist  process''  and  the  coupling 
produces  the  visible  dye  during  the  appli 
cation  of  a  mild  neutralizing  alkali,  such 
as  ammonia  vapors. 

The  metal  diazonium  method  of  image 
formation  is  a  special  application  of  the 
diazo  system  but  differs  in  that  a  latent 
image  is  formed.  Development  must  im 
mediately  follow  exposure.15  A  material 
is  coated  with  a  diazonium  compound  and 
a  mercurous  salt.  Exposure  decomposes 


is  Alink,  Dipple  and  Ketming,  J.  Soc.  Mot.  Pict. 
and  Tel  Eng.  54,  345    (1950). 
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the  diazo  molecule  and  its  by-products 
cause  the  reduction  of  the  mercurous  salts 
to  mercury.  The  invisible  mercury  image 
is  made  visible  by  use  of  a  physical  de 
veloper. 

Diazo  compound  +  /tv 

— >  decomposition  product 

Decomposition  product  reacts  with 
and  removes  Hg++  from  the  equilibrium 
of  2  Hg+  4^  Hg°  +  Hg*+ 

Hg°  +  Ag°    (from   physical   development) 
— >  final  image,     (silver  amalgam) 

Its  peak  sensitivity  is  about  3900A  and 
extends  to  5 000 A  in  the  visible  spectrum. 

Bleach  Out  Process  or  Dye  Bleaching-. 
Dyes  which  absorb  radiant  energy  and 
fade  have  been  investigated  as  image  form 
ers.  Dyes  absorb  wave  lengths  other  than 
those  reflected  or  transmitted.  It  is  this 
energy  which  is  utilized  by  the  bleach  out 
process.  Depending  on  the  dyes  incor 
porated,  the  actual  bleaching  involves  vari 
ous  reactions,  i.e.,  reduction,  oxidation, 
photolytic  decomposition,  and  isomeriza- 
tion. 

Photobleaehing  is  usually  accompanied 
with  low-quantum  yields  and  suffers  from 
reciprocity  law  failure.  Many  bleach  out 
systems  require  sensitizers.  Thiourea  de 
rivatives  have  been  found  to  increase  the 
radiation  response  of  compounds  contain 
ing  acridine,  azine,  diphenylmethane,  thi- 
azine,  and  xanthene  groups. 

It  has  been  found  that  dye  bleach  sensi- 
tometry  is  involved  because  of  the  "  after 
darkening"  reactions  which  appear  to  af 
fect  the  residual  dye  and  its  colorless 
product.16 

When  compared  to  conventional  silver 
images,  dye  images  should  allow  greater 
resolution,  as  the  final  record  is  comprised 
of  dye  molecules.  Dye  bleaching  has  an 


additional  advantage  in  that  the  dye  is  the 
photosensitive  element  and  thus  limits 
processing  to  exposure  and  fixation. 

Much  difficulty  has  been  encountered 
when  attempting  to  produce  practical  dye 
bleach  photographic  systems.  Proper  color 
sensitivity  and  response  of  dyes,  image 
confining  itself  to  the  reaction  site,  fixa 
tion,  and  image  stability  are  a  few  of  the 
areas  which  require  much  investigation. 
The  present  choice  of  photobleach  dyes  is 
relatively  small  and  their  sensitivity  and 
dark  reactions  affect  the  efficiency  of  the 
systems.  Many  dye  bleach  systems  require 
an  aqueous  medium  and  image  movement 
is  noticeable.  Fixation  without  altering 
the  remaining  dye  images  presents  a  prob 
lem.  If  sensitizing  agents  are  used,  they 
could  be  rendered  inactive  or  destroy  the 
sensitivity  of  the  dye.17 

Insoluble  phosphotungstates  of  certain 
leucobases  react  to  radiation  and  form 
phosphotungstites  of  the  dyes  derived 
from  the  leucobases.  Aerial  oxidation  of 
the  phosphotungstites  to  colorless  com 
pounds  yields  colored  images.18 

The  generation  of  free  radicals  from 
radiated  polyhalogen  compounds  and  their 
resultant  reaction  with  arylamines  to  pro 
duce  print-out  dye  images  has  been  sug 
gested.  The  speed  of  such  systems  ap 
pears  to  be  approximately  twenty  times 
that  of  diazo  systems.  Fixation  is 
achieved  either  by  heating  to  remove  vola 
tile  sensitizers  or  by  solvent  extraction  of 
the  sensitizers.19 

Dye  Destruction.  Dye  bleaching  is 
sometimes  referred  to  as  a  "physical 
bleaching"  of  a  dye,  and  dye  destruction 


16  Polgar,  Z.  wiss.  Phot.  46,  188-237,  No.  10-12 
(1951;    published    April    1952). 


irOster,  Phot.  Eng.  4,  No.  3,  173-178   (1953). 

is  Chalkley,  J.  Opt.  Soe.  Amer.  44,  No.  9,  699- 
702  (September  1954).  Also,  U.S.P.  2,864,751  and 
2,864,752.  Photosensitive  Compounds  and  Process 
of  Using  Same.  Chalkley. 

!9  Sprague,  Fichter,  and  Wainer,  Phot.  Sci.  and 
Eng.  V.,  No.  2.  Part  I  (March-April  1961). 
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has  been  termed  "chemical  bleaching." 
The  latter  requires  chemicals  to  destroy 
the  dye ;  the  former  utilizes  radiation.  In 
terest  in  azo  dyes  and  in  methods  to  in 
crease  sensitivity,  bleaching  action,  and 
stability  has  been  shown.20  Dye  destruc 
tion  systems  involve  the  production  of  a 
silver  image  and  the  subsequent  protection, 
or  destruction,  of  a  dye  adjacent  to  it. 

Dyes  may  be  destroyed  in  the  pres 
ence  of  metallic  silver  by  oxidizing  agents, 
such  as  ammonium  persulfate.  Some  re 
ducing  agents  can  destroy  the  dyes  during 
the  actual  silver  development  process  and 
it  is  also  possible  to  convert  the  silver 
image  into  compounds  which  in  turn  af 
fect  the  dye. 

One  type  of  destruction  system  consists 
of  a  dye-silver-salt-gelatin  emulsion.  Upon 
exposure  and  development,  a  silver  image 
and  the  original  dye  remain.  The  silver 
is  oxidized  in  a  bleach  bath  which  simul 
taneously  reduces  the  dye  in  the  immediate 
site  of  the  silver  image.  The  remaining 
silver  halides  are  removed  and  a  dye  posi 
tive  remains. 

A  dye  destruction  process  can  also  take 
place  in  areas  where  a  silver  image  has 
not  been  originally  produced.  A  silver 
salt-dye-gelatin  layer  is  exposed  and  de 
veloped.  The  silver  is  removed  with  a 
silver  solvent.  The  remaining  silver  halide 
is  then  exposed  and  reduced  to  silver  and 
the  dye  destroyed  in  the  metallic  areas. 
It  can  be  seen  that  there  is  a  basic  simi 
larity  between  the  two  systems  of  dye  de 
struction.  A  dye  positive  is  a  direct,  or 
indirect,  result  of  a  silver  metal-dye  de 
struction  reaction.  Such  a  system  was 
suggested  by  Gaspar.21  Increased  speed 
has  been  suggested  through  the  use  of  pH 


soHornsby,  'Brit.  J.  Phot.  101,  No.  4925,  509- 
511  (October  8,  1954). 

21  Brit.  J.  Phot.  "Color  Photography'7  Supple 
ment  27,  41  (1933), 


sensitive  azo  dyes.22  The  advantages  of 
the  silver-dye  bleach  systems  appear  to  be 
greater  stability  of  the  dye  image  and 
better  saturation  of  color  than  the  images 
produced  by  typical  color  development.23 

A  silver-dye-bleach  process  has  been  sug 
gested  for  the  preparation  of  lithographic 
plates.  A  diazonium  compound  coating  is 
destroyed  on  exposure  in  the  area  of  the 
silver  image.  The  remaining  diazonium 
material  is  transferred  and  coupled  on  a 
hydrophilic  surface  and  produces  an  in 
soluble  image.24 

Endothermic  Compounds.  Silver  azide, 
imide,  and  amide,  as  well  as  nitrogen 
iodide,  have  been  investigated  as  to  possi 
bilities  of  forming  images  through  their 
endothermic  properties.25  The  decomposi 
tion  originated  by  radiation  is  difficult  to 
control  and  yields  low  resolution. 

Silver  azide-gelatin  and  silver  chloride 
emulsions  have  been  compared.  The  silver 
chloride  emulsion  appeared  to  be  about 
thirty  times  more  sensitive  than  the  silver 
azide  emulsion.  With  normal  develop 
ment,  the  silver  azide  system  yielded 
images  accompanied  by  high  fog  level. 
Improved  contrast  and  lower  fog  level 
were  obtained  by  the  use  of  a  physical  de 
veloper.26 

Nitrogen  iodide,  when  finely  divided  in 
a  dispersing  medium,  has  been  considered 
as  an  endothermic  image  forming  meth 
od.27  Short-duration,  high-intensity  ex 
posures  detonate  the  nitrogen  iodide.  The 

22  Gaspar  and  Dreyfuss,  U.S.P.  2,644,753,  Azo 
Dyes  and  Their  Use  in  Color  Photography. 

23Brune,  Bild  u.  Ton  7,  293-295   (1954). 

24Hepher,  B.P.  824,330,  Photolithographic  Ee- 
production.  Assigned  to  Kodak  Ltd. 

ssEggert,  J.  Pliys.  Chem.  63,  11  (January 
1959).  Eggert,  Proc.  fioyal  Soc.,  (London) 
246A,  240-247  (1958). 

26  Eggert  and  Zemp,  Naturforschung  8t>,  389- 
395  (August  1953). 

2T  Eggert,  TJ.S.P.  2,703,283,  Light-Sensitive  Ma 
terial  and  Process  for  Preparing  It. 
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image  is  produced  by  converting  the  un- 
exposed  compound  to  silver  iodide  through 
the  use  of  a  silver  nitrate  solution  fol 
lowed  by  a  sodium  sulfite  bath.  Sodium 
stannite  produces  the  final  silver  image. 
These  systems  seem  to  be  of  little  practical 
value,  due  to  the  inherent  instability  of  the 
compounds  and  the  resultant  low  photo 
graphic  quality. 

PHOTOSENSITIVE  POLYMERS* 

Photosensitive  polymers  may  be  defined 
as  resin  or  plastic  compositions  which 
show  differential  solubility  after  exposure, 
and  therefore  are  useful  for  producing 
wash-off-relief  photographic  images.  The 
sensitivity  of  these  materials  lies  princi 
pally  in  the  ultraviolet  region  of  the  spec 
trum,  although  it  may  extend  into  the 
visible  region.  This  definition  excludes 
photosensitive  systems  which  are  intended 
for  producing  visible  images  only.  More 
over,  the  historically  important  classes  of 
bichromate-  and  diazo-sensitized  materials 
are  not  included,  because  they  have  been 
discussed  separately.  The  term,  polymer, 
denotes  high-molecular-weight  chemical 
materials  which  are  composed  of  molecules 
that  have  many  recurring  structural  units. 
Lower-molecular-weight  dimers,  trimers, 
tetramers,  etc.,  which  comprise  two,  three, 
and  four  recurring  molecular  units,  re 
spectively,  will  be  differentiated  from 
high-molecular-weight  polymers  in  this 
instance. 

Photoinsolubilization  of  high  polymers 
may  be'  characterized  in  four  general  sys 
tems: 

1.  A  system  employing  a  photosensitive 
polymer  in  which  the  inherent  sensitivity 
of  the  polymer  may  be  increased  by  the 
presence  of  other  compounds  that  may  be 
termed  "sensitizers."*  The  polymer  con- 

*  This  section  by  L.  E.  Martinson. 


tains  unsaturated  side  groups  which,  on 
exposure,  cross-link  to  form  very  large,  in 
soluble  molecules.  The  system  possesses 
infinite  development  latitude;  the  exposed 
portions,  of  polymer  which  become  perma 
nently  insolubilized  show  no  tendency  to 
dissolve  in  solvents  for  the  unexposed  por 
tions.  Described  chemically  as  cinnamate 
esters  of  polyvinyl  alcohol  and  of  cellulose, 
one  group  of  photosensitive  polymers  of 
this  type  may  be  further  sensitized  by  the 
presence  of  anthrones  and  their  deriva 
tives,  polynuclear  quinone  derivatives,  and 
certain  ketones,  such  as  Michler's  Ketone.28 

2.  A  system  comprising  a  nonphotosensi- 
tive   polymer   and   a   photosensitive,    low- 
molecular-weight  compound  with  which  it 
is    capable    of   reacting,    on    exposure,    to 
produce  insolubility.    Combinations  of  this 
type  also  show  good  development  latitude 
in   solvents   for    the    unexposed    portions. 
Polymeric  materials,   such  as   casein   and 
rubber,  in  combination  with  photosensitive 
azidostilbene  sulfonate  derivatives,  typify 
this  system.29 

3.  A  system  comprising  a  monomer,  a 
dimer,     and/or     a     low-molecular-weight 
polymer  with  a  filler,   and  one   or  more 
polymerization    catalysts.      The    combina 
tion  polymerizes  and  becomes  insoluble  on 
exposure  to   actinic  radiation.     It   is   ca 
pable  of  producing  relief  images  in  rela 
tively  thick  layers  for  use  as  letterpress 
printing  plates.30 

4.  Another  system  employing  nonphoto- 
sensitive  polymers  in  the  presence  of  pho 
tosensitive,      low-molecular-weight      com 
pounds  deserves  mention  because  of  the 

28  Minsk,  Smith,  Van  Deusen,  and  Wright,  J. 
Appl.  Polymer  Sci.  2,  302-307,  No.  6  (November- 
December  1959).  Robertson,  Van  Deusen,  and 
Minsk,  Ibid.  2,  308-311,  No.  6  (November-De 
cember  1959).  Minsk,  Van  Deusen,  and  Eobert- 
son,  TJ.S.P.  2,670,285  to  2,670,287  (1954). 

29Hepher,   U.S.P,    2,848,328    (1958). 

soplambeck,  U.S.P.  2,760,863  and  2,791,504 
(1956). 
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variety  of  polymers  that  may  be  used. 
Unlike  the  second  system  mentioned,  the 
photosensitive  agent  does  not  appear  to 
react  with  the  polymer  vehicle.  Instead, 
it  reacts  with  itself,  on  exposure,  to  form 
a  physical  network  throughout  the  exposed 
portions  of  the  polymer,  and  the  network 
retards  the  rate  at  which  solvents  attack 
these  portions,  relative  to  the  unexposed 
portions.  This  system  has  limited  use  be 
cause  of  the  critical  nature  of  the  solvent- 
development  characteristics  it  possesses. 
Ethylcellulose,  polymethyl  methacrylate, 
and  numerous  other  commercial  plastics 
containing  photosensitive  ehalcone  or  un- 


saturated  ketone  derivatives  are  represent 
atives  of  this  system.31 

Although  much  of  the  application  of 
photosensitive  polymer  systems  has  been 
in  the  graphic  arts  field,  increasing  interest 
is  being  shown  in  their  application  to  the 
industrial  fields  of  printed  circuitry,  name- 
plate  manufacture,  and  photomilling.  Ex 
cellent  stability  and  rugged  resistance  to 
acid  or  alkaline  etching  or  plating  solu 
tions  permit  applications  of  photosensitive 
polymers  to  metal-forming  operations  that 
were  not  possible  with  earlier  systems. 

si  Murray,  TJ.S.P.  1,965,710  (1934).  Van  Deu- 
sen,  U.S.P.  2,544,905  (1951). 


Chapter  10 

THE  PHOTOGRAPHIC  EMULSION 


The  photographic  emulsion  consists  of 
crystals  of  silver  halide  in  gelatin  or,  in 
a  very  few  cases,  a  synthetic  polymer.  It 
is  not  actually  an  emulsion,  but  a  disper 
sion  of  crystalline  silver  halide.  Negative 
emulsions  consist  of  silver  bromide  with 
a  small  percentage  of  silver  iodide.  Paper 
emulsions  consist  of  silver  chloride  or  a 
combination  of  silver  chloride  and  silver 
bromide.  The  crystals  in  negative  emul 
sions  vary  in  size  from  submicroscopic  to 
a  maximum  of  3  to  5  p.  (microns),  and 
constitute  from  30%  to  40%  of  the  total 
weight  of  the  emulsion.  They  are  not  pure 
silver  halide  but  mixtures  of  silver  halide 
with  small  quantities  of  silver  sulfide,  col- 
lodial  silver,  and  gelatin.  Although  both 
silver  bromide  and  silver  chloride  crystal 
lize  in  a  cubic  structure,  the  crystals  of 
an  emulsion  vary  considerably  in  shape 
from  flat  triangular,  or  hexagonal  tablets, 
to  long  needle-like  forms  and  almost 
spherical  shapes.  The  crystals  vary  also 
in  size.  The  range  in  size  is  considerably 
greater  in  bromo-iodide  negative  emulsions 
than  in  silver  chloride  or  silver  bromo- 
chloride  emulsions  of  .the  type  used  in 
printing.  The  average  crystal  size  is  also 
much  larger  for  negative  emulsions  than 
for  the  slower  positive  emulsions. 

In  Fig.  10.1,  curve  A  represents  the 
size  frequency  distribution  of  a  slow  posi 
tive  emulsion  and  curve  B  a  similar  curve 
for  a  negative  emulsion.  It  will  be  ob 
served  that  the  range  is  comparatively 
small  for  the  positive  emulsion  and  the 


average  grain  size  is  smaller  than  for  the 
rapid  negative  emulsion. 

Each  crystal  acts  as  an  individual  unit 
in  exposure  and  development,  except  when 
in  actual  contact  with  another — a  condi 
tion  that  occurs  frequently  in  negative 
emulsions  but  rarely  in  paper  emulsions. 
Although  the  sensitivity  of  the  crystal  in 
creases  with  size,  there  are  differences  in 
sensitivity  among  crystals  of  the  same 
size.  The  properties  of  an  emulsion, 
broadly  speaking,  are  determined  by  the 
sum  total  of  the  properties  of  the  crystals 
of  which  it  is  composed. 

Gelatin.  The  gelatin  is  more  than  a 
medium  to  hold  the  crystals  in  place  on  a 
glass,  film,  or  paper  base.  It  serves  to 
regulate  the  sizes  of  the  crystals  formed 
when  the  silver  halide  is  precipitated  from 
solutions  of  silver  nitrate  and  a  halide, 
such  as  potassium  bromide.  It  provides  a 
suitable  environment  for  modifying  the 
size  of  the  crystals  formed  initially  by  pre 
cipitation,  and  it  often  contributes  to  the 
sensitivity  of  the  crystal  to  light  by  con 
taining  sensitivity  promoting  by-products. 
Finally,  it  is  adsorbed  by  the  crystal  pro 
ducing  a  barrier  which  results  in  a  differ 
ence  in  the  rate  at  which  an  exposed  and 
unexposed  crystal  is  attacked  by  the  de 
veloper.  It  is,  in  other  words,  a  protective 
colloid. 

Gelatin  is  not  a  sharply  defined  chemi 
cal.  It  belongs  to  the  protein  group,  the 
molecules  being  made  up  of  amino  acid 
residues  in  chains,  the  connection  being 
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between  the  acidic  group  of  one-amino  low,  the  —  CO  OH  groups  ionize  to 
group  and  the  basic  group  of  the  adjoining  —  COO"  and  the  molecule  becomes  nega- 
one.  tively  charged.  At  some  particular  hy- 


H    H 


H 

The  chains  are  long — from  250  to  500 
units — but  are  not  constant.  The  mole 
cules  contain  both  —  NH2  and  —  COOH 
groups;  thus  gelatin  has  both  acidic  and 
basic  properties,  i.e.,  amphoteric.  In  a 
solution  with  a  high  concentration  of  hy 
drogen  ions,  the  amino  groups  add  hydro 
gen  ions  to  form  NH3+  groups  and  the 
molecule  becomes  positively  charged. 
When  the  hydrogen-ion  concentration  is 
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CH2—  CH,—CH2 

__N  ----------  (j—  C 

I      il 
H     O 


drogen-ion    concentration,    the    iso-electric 
pointy  the  molecule  has  no  charge. 

When  dry  gelatin  is  placed  in  water  it 
swells;  the  amount  of  swelling  depending 
upon  the  pH  and  the  salt  content  of  the 
water.  The  swollen  gelatin  is  soft  and 
easily  penetrated  by  solutions  containing 
small-sized  molecules,  such  as  the  develop 
ers.  At  a  temperature  of  about  40°  C.  it 
becomes  a  solution  in  water,  but  at  room 


800 
in 

1  700 

o: 
o 
0600 

o 
o 
-500 

SNoo 

\  300 
tu 

§200 


u.  100 


A  B 

SIZE-FREQUENCY  CURVE 

A  =  STANDARD   SLOW  LANTERN   SLIDE 
B=PAR   SPEED   PORTRAIT  FILM 


O.5    1.0   1.5    2.0    2.5    3.0 


DIAMETER  IN  [L 


FIG.  10.1.     Size  frequency  distribution  of  the  silver  halide  crystals   (A)   in  a 
slow  positive  emulsion  and  (B)  a  rapid  negative  emulsion. 
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temperatures  it  sets  to  form  a  rigid  jelly. 
The  points  of  transition  depend  upon  the 
concentration,  the  pH  and,  to  some  extent, 
on  the  specific  sample  of  gelatin.  It  is 
this  easy  reversibility  from  one  state  to 
another,  at  convenient  temperatures,  that 
makes  gelatin  ideally  suited  for  photo 
graphic  emulsions.  These  properties  make 
it  possible  to  prepare  a  suspension  of  the 
silver  halide  crystals  which,  in  liquid 
form,  may  be  coated  on  glass,  film  base  or 
paper,  chilled  to  form  a  jelly  and  then 
dried  to  hold  the  crystals  of  silver  halide 
firmly  in  place,  but  is  sufficiently  perme 
able  to  allow  the  free  passage  of  developers 
and  processing  solutions. 

One  of  the  most  important  functions  of 
the  gelatin,  however,  is  to  provide  a  means 
of  controlling  the  size  of  the  crystals  of 
silver  halide.  When  a  solution  of  silver 
nitrate  is  added  to  one  of  potassium  bro 
mide,  silver  bromide  is  formed  as  follows : 

AgN03  +  KBr  -»  AgBr  +  KN03 

If  the  solutions  are  very  dilute,  the  silver 
halide  is  precipitated  in  the  collodial  form. 
If  the  concentration  is  increased,  the  pre 
cipitate  of  silver  halide  changes  to  a  cloudy 
suspension,  then  to  an  unstable  suspension, 
a  flocculent  condition  and,  finally,  to  a 
crumbly  precipitate. 

In  the  presence  of  gelatin,  the  changes 
in  the  form  of  the  precipitate  with  the 
concentration  of  the  reactants  is  less 
marked.  The  average  crystal  size  remains 
nearly  the  same  when  the  concentration  of 
the  two  solutions  is  varied,  and  the  prin 
cipal  effect  of  varying  the  concentration  is 
to  change  the  number  of  crystals  rather 
than  their  size. 

In  the  preparation  of  a  photographic 
emulsion  it  is  necessary  to  use  concentrated 
solutions;  and  a  colloid,  such  as  gelatin, 
or  suitable  polymer,  must  be  present  to 
prevent  precipitation  of  the  silver  halide 
as  a  crumbly  mass. 


Varying  the  concentration  of  the  gela 
tin  will  vary  the  size  of  the  crystals,  as 
will  changes  in  temperature  and,  also,  an 
excess  of  either  the  soluble  halide  or  silver 
nitrate. 

The  Preparation  of  Negative  Emulsions. 
Photographic  emulsions  may  be  divided 
broadly  into  two  classes:  (1)  Those  de 
signed  for  printing  out,  and  (2)  those 
designed  for  development.  The  former 
contain  free  silver  nitrate  and  an  organic 
salt  to  absorb  the  halogen  released  on  ex 
posure;  the  latter  contain  no  free  silver 
nitrate  and,  usually,  an  excess  of  halide. 

The  exact  procedures  employed  in  the 
preparation  of  commercial  emulsions  are 
closely  guarded  secrets.  The  general  prin 
ciples,  however,  are  well  known.1 

One  of  the  most  important  operations 
in  making  an  emulsion  is  the  formation 
of  the  silver  halide  crystals,  because  the 
basic  characteristics  of  the  emulsion  are 
determined  largely  by  the  conditions  exist 
ing  during  the  precipitation  of  the  silver 
halide.  In  negative  emulsions  precipita 
tion  takes  place  in  a  solution  of  gelatin, 
varying  in  concentration  from  1%  to  5% 
and  at  temperatures  ranging  from  45°  to 
70°C.,  depending  on  the  concentration  of 
gelatin  and  whether  the  emulsion  is  neu 
tral  or  contains  ammonia.  The  gelatin  is 
of  the  inert  type,  i.e.,  free  of  sensitizing 
materials.  Usually  the  halide,  potassium 
bromide,  or  ammonium  bromide,  plus  a 
smail  amount — not  more  than  5% — of  po 
tassium  iodide,  are  added  to  the  gelatin 
solution  first  and  then  the  silver  nitrate 
is  added  with  constant  stirring.  The 
iodide  does  not  crystallize  separately  as 
silver  iodide  but  enters  into  the  silver 


i  Wall,  Photographic  Emulsions,  American  Pho 
tographic  Publishing  Co.,  Boston,  1929.  Baker, 
Modern  Emulsion  Technique,  American  Photo 
graphic  Publishing  Co.,  Boston,  1941,  Glafkides, 
Photographic  Chemistry,  Fountain  Press,  London, 
The  Macmillan  Co.,  New  York,  1959. 
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bromide  crystal.  There  is  some  evidence 
that  the  amount  may  increase  with  the 
size  of  the  crystal.  The  presence  of  iodide 
has  a  marked  effect  on  sensitivity  and  it 
is  necessary  in  the  preparation  of  high 
speed  emulsions.  However,  the  relation 
ship  of  the  iodide  content  to  sensitivity 
is  very  complex.  The  sensitivity  increases 
with  the  amount  of  iodide  to  about  5% 
and  then  rapidly  decreases.  Ammonia- 
type  emulsions  are  prepared  either  by 
adding  ammonia  before  the  precipitation 
of  the  silver  halide  or,  more  often,  by  first 
converting  the  silver  nitrate  into  a  silver- 
ammonia  complex  which  is  added  to  the 
gelatin  containing  the  soluble  halide.  Am 
monia  increases  the  solubility  of  the  silver 
halide  and  tends  to  increase  sensitivity. 

The  concentration  of  the  gelatin,  the 
amount  of  soluble  halide  present,  the  tem 
perature,  the  concentration  of  the  silver 
solution,  and  the  rate  of  addition,  are  all 
important  factors  in  determining  the  aver 
age  size  and  the  range  in  crystal  size.  The 
crystal  size  tends  to  increase  with  (1) 
lower  concentrations  of  gelatin,  (2)  higher 
concentrations  of  soluble  halide,  (3)  lower 
concentrations  of  silver  solution,  and  (4) 
the  slow  addition  of  the  silver  solution. 
In  general,  the  same  factors  tend  to  in 
crease  the  range  of  crystal  sizes. 

The  amount  of  the  silver  solution  added 
in  the  emulsification  is  considerably  less 
than  the  amount  required  to  convert  all 
of  the  soluble  halide  to  silver  halide. 

Other  procedures  in  emulsification  have 
been  described  in  the  literature  and  may 
be  in  commercial  use.  For  example,  nega 
tive  emulsions  must  have  a  wide  range  of 
grain  sizes  and,  therefore,  different  sensi 
tivity.  To  this  end  the  silver  solution 
may  be  added  intermittently  so  that  the 
first  crystals  grow  with  time  in  the  large 
excess  of  halide,  while  those  from  later 
additions  of  silver,  being  formed  in  a  solu 
tion  with  less  free  halide,  remain  small. 


Still  another  method  of  emulsification  de 
scribed  in  the  literature  consists  in  divid 
ing  the  gelatin  between  the  halide  and  the 
silver  solutions,  so  that  the  gelatin  con 
centration  remains  constant  throughout 
the  whole  time  of  precipitation.  In  other 
methods  which  have  been  described  the 
silver  halide  is  first  precipitated  as  a 
spongy  mass  which  is  then  redispersed  in 
gelatin.  In  still  another  method,  the  silver 
is  dissolved  in  ammonia  and  the  concen 
trated  solution  "dumped"  into  the  gelatin 
solution  containing  the  soluble  halides. 

Ripening'.  After  emulsification  the  emul 
sion  is  kept  at  a  temperature  of  from  50° 
to  80 °C.  from  30  min.  to  2  hr.  This 
process  is  known  as  ripening  or,  in  the 
older  literature,  as  digestion.  During  this 
period  the  crystals  increase  in  size;  either 
the  crystals  clump  to  form  larger  crystals 
or  the  larger  crystals  increase  in  size  at 
the  expense  of  the  smaller  which  disappear 
(Ostwald  ripening).  The  latter  is  ap 
parently  the  more  important.  The  ripen 
ing  process  is  favorably  influenced  (1)  by 
heat,  (2)  by  the  presence  of  ammonia, 
(3)  by  iodide,  and  (4)  by  free  halide  and 
by  the  concentration  and  nature  of  the 
gelatin.  Some  of  the  materials  present  in 
gelatin  may  restrain  the  recrystallization, 
while  others  may  increase  sensitivity  by 
the  formation  of  sensitizing  substances  in 
conjunction  with  the  silver  halide. 

The  ripening  time  is  shorter  for  high- 
contrast  emulsions  where  the  range  in 
crystal  size  is  limited  than  for  negative 
materials  in  which  a  larger  crystal  size 
and  a  greater  range  in  crystal  sizes  is 
desirable. 

Washing.  When  ripening  is  complete 
the  emulsion  is  chilled  quickly  to  prevent 
further  change  and  the  jelly  is  placed  in 
a  press  and  forced  through  a  screen  to 
break  it  up  into  small  shreds  or  "noodles." 
These  are  washed  in  running  water  to  re 
move  the  potassium  or  ammonium  nitrate 
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and  excess  bromide.  Not  all  of  the  bro 
mide  is  removed,  however,  or,  if  for  a 
particular  reason  it  is  removed  completely, 
more  is  added  after  washing. 

After  Ripening.  After  washing  the 
emulsion  is  melted  and  maintained  at  a 
temperature  around  50°C.  for  an  hour  or 
so.  During  this  period  the  final  addition 
of  gelatin  is  made.  This  gelatin  is  an 
active  gelatin,  i.e.,  one  containing  sensitiz 
ing  complexes.  This  second  heat  treat 
ment  has  very  little  effect  on  the  size  of 
the  silver  halide  crystals  but  greatly  in 
creases  the  sensitivity  through  the  forma 
tion  of  sensitivity  centers  on  the  silver 
halide  crystals.  These  sensitivity  centers 
consist  of  either  silver  sulfide  or  metallic 
silver.  The  silver  sulfide  is  due  to  the 
action  of  sulfur-bearing  substances,  such 
as  allyl,  isothiocyanate,  or  allyl  thiocar- 
bamide  on  the  silver  bromide.  These,  or 
similar  sensitizing  substances,  may  be  sup 
plied  by  the  gelatin  or  may  be  added  to 
the  emulsion  as  sensitizers.  Very  small 
amounts  of  such  sensitizers  are  required. 
It  has  been  recorded,  for  example,  that  one 
part  of  thiourea  in  a  million  can  produce 
a  detectable  change  in  speed. 

Hydrazine  and  stannous  chloride,  which 
reduce  silver  ions  to  silver,  also  function 
as  chemical  sensitizers,  but  the  extent  to 
which  they  are  employed  has  not  been 
disclosed. 

Gold,  added  in  the  form  of  an  alkaline 
thiocyanate  during  this  second  ripening 
period,  or  before  coating,  can  increase 
sensitivity  w£ll  beyond  the  limit  of  sulfur 
sensitizers.  The  mechanism  involved  is 
not  entirely  clear.2  One  theory  is  that  the 
localized  depositions  of  gold  on  the  silver 
halide  crystal  act  as  more  effective  elec 
tron  traps.  Gold  sensitizing  is  stated 


2  Mueller,  Some  Bemarks  on  Gold  Treatment 
of  Photographic  Silver  Halide  Emulsions,  P.S.A. 
Journal  16B  47  (June  1950)  ;  J.  Opt.  Soc  Artier. 
39,  494  (June  1949). 


to  effect  mainly  the  large  crystals,  reduc 
ing  the  slope  of  the  D  log  E  curve  and 
the  length  of  the  straight-line  portion. 

Gold  sensitizing  has  the  disadvantage 
of  greatly  increasing  fog,  particularly 
with  some  gelatins.  The  stability  of  gold 
sensitized  emulsions  is  low  and  stabilizers 
are  usually  added  to  improve  the  keeping- 
qualities  of  the  sensitized  material. 

Platinum  and  palladium  salts  sensitize 
but  the  increase  is  less  than  with  gold. 

Other  substances  which  may  be  added 
at  this  stage  include  an  emulsion  hardener, 
such  as  a  small  amount  of  chrome  alum, 
formaldehyde,  or  acrolein  to  prevent  un 
due  swelling  of  the  gelatin  in  processing 
and  stabilizing  and  antifogging  agents  to 
prevent  fog  and  to  stabilize  the  emulsion 
until  it  is  exposed  and  processed  by  the 
user.  A  large  number  of  antifogging  and 
stabilizing  substances  have  been  disclosed 
in  the  literature.  These  include  benzi- 
minazoles,  pyrimidines,  thiotriazolidines, 
phenyl  diamines,  and  benzidines  which  are 
capable  of  forming  silver  salts  of  lower 
solubility  than  silver  bromide. 

Paper  Emulsions.  The  emulsions  used 
for  developing  papers  differ  from  those 
used  for  negative  materials  (1)  in  the 
halides  used  (silver  chloride  and  silver 
bromide  separately  or  in  combination)  ; 
(2)  in  speed;  (3)  in  the  smaller  grain 
size,  and  (4)  in  the  lower  concentration 
of  silver  halide. 

Unlike  negative  emulsions,  where  the 
object  ordinarily  is  to  produce  large  grains 
with  high  sensitivity,  in  preparing  emul 
sions  for  developing  papers  the  conditions 
of  precipitation  are  controlled  so  as  to 
produce  small  grains  and  low  sensitivity, 
and  digestion  by  heat  is  usually  omitted. 
In  many  cases,  even  the  increase  in  sensi 
tivity  which  occurs  in  storage  at  ordinary 
temperatures  (ripening)  is  reduced  or  pre 
vented  by  additives. 

In  emulsification  (1)  the  silver  may  be 
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added  to  the  gelatin  solution  containing 
the  soluble  halide,  as  in  the  preparation 
of  a  negative  emulsion;  (2)  the  procedure 
may  be  reversed,  the  halide  being  added 
to  the  gelatin  silver  solution;  (3)  or  the 
silver  and  soluble  halide  may  be  added 
simultaneously.  The  rate  of  addition  and 
the  concentrations  involved  are  all  de 
signed  to  produce  fine,  uniformly  sized 
crystals.  Apparently  precipitation  takes 
place  in  some  instances  in  a  slightly  acid 
solution  to  inhibit  recrystallization  and 
growth  of  the  crystal  size.  An  excess  of 
soluble'  halide  is  avoided  for  the  same 
reason. 

In  the  preparation  of  chlorobromide 
emulsions,  the  two  halides  may  be  mixed 
and  added  to  the  gelatin  solution  or  the 
two  halides  may  be  precipitated  separately. 
The  sensitivity  tends  to  increase  with  the 
proportion  of  silver  bromide  present.  For 
warm  colors  the  grain  must  be  very  fine 
and  the  emulsion  rich  in  silver.  Addi 
tives,  such  as  hydrazine,  may  be  added  if 
still  warmer  colors  are  desired.  The  addi 
tion  of  iodide,  either  as  an  alkaline  iodide 
or  an  organic  compound,  has  been  used  to 
produce  green-colored  images. 

Paper  emulsions  are  not  ripened  by  heat 
as  this  would  enlarge  the  average  crystal 
size  and  tend  to  increase  the  sensitivity. 
Nor  are  they  washed  because  the  concen 
tration  of  salts  is  low  and  their  presence 
tends  to  reduce  further  ripening  in  stor 
age.  When  the  emulsion  is  coated  a  large 
proportion  of  these  soluble  salts  are  ab 
sorbed  by  the  paper.  Those  which  re 
main  in  the  emulsion  may,  in  some  cases, 
have  a  favorable  influence  on  the  color 
of  the  image. 

Emulsions  producing  cold-black  tones 
are  obtained  by  adjusting  the  conditions 
of  precipitation  to  produce  relatively  large 
grains  and  the  addition  of  immazole,  tri- 
azole,  tetrazole,  or  similar  compounds. 
These  compounds  also  tend  to  stabilize  the 


emulsion,  preventing  an  increase  in  speed 
and  the  growth  of  fog. 

The  contrast  of  paper  emulsions  de 
pends  on  the  conditions  of  precipitation, 
but,  for  precise  spacing  of  paper  grades, 
alkaline  citrates,  phosphates,  borates,  and 
chlorides,  particularly  cadmium  chloride 
and  rhodium  chloride,  are  used.  Speed 
likewise  is  adjusted  in  many  cases  by  the 
use  of  color  sensitizing  dyes.  Other  addi 
tives  may  be  antiseptics,  such  as  phenol 
or  thymol;  hardeners,  such  as  alum,  for 
maldehyde,  and  glyoxal;  and  wetting 
agents,  such  as  saponin,  to  reduce  surface 
tension  and  facilitate  the  coating  of  paper 
with  the  emulsion. 

Variable  contrast  papers  are  produced 
in  one  of  two  ways:3  (1)  by  the  admix 
ture  of  two  emulsions  of  different  contrast, 
only  one  of  which  is  color  sensitized,  and 
(2)  by  sensitizing  in  such  a  way  that  the 
average  gamma  varies  widely  with  the 
wave  length  of  the  exposing  light.  If,  for 
example,  the  blue-sensitive  emulsion  is  of 
high  contrast  and  the  color  sensitized  emul 
sion  of  low  contrast,  blue  filters  will  pro 
duce  prints  of  high  contrast  by  confining 
the  exposure  to  the  blue-sensitive  emulsion. 
Yellow  filters,  on  the  other  hand,  will  ex 
pose  only  the  low-contrast  color  sensitized 
emulsion.  Exposures  through  the  two  fil 
ters  in  succession,  or  filters  transmitting 
blue  and  yellow  in  different  proportions, 
will  produce  prints  of  intermediate  con 
trast. 

Emulsions  for  Printing  Out,  Emulsions 
for  printing-out  papers  contain  (1)  an  or 
ganic  silver  salt,  such  as  the  citrate,  tar- 
trate,  or  oxalate,  or  a  mixture  of  two  of 
these,  and  (2)  silver  chloride.  They  dif- 


sRenwick  and  Waller,  B.P.  547,883  (1940). 
Potter  and  Hagaman,  TJ.S.P.  2,280,300.  Davy 
and  Knott,  U.S.P.  2,318,597.  Mitchell  and  Ilford, 
Ltd.,  B.P.  547,062;  494,088;  547,060.  Stevens 
and  Kodak  Ltd.,  B.P.  580,173.  Carroll  and  East 
man  Kodak  Co.,  U.S.P.  2,384,598. 
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f  er  also  in  having  the  silver  ion  in  excess. 
After  exposure,  papers  of  this  type  are 
usually  toned  in  gold,  to  improve  the  color 
of  the  image,  and  fixed.  Self-toning  pa 
pers  can  be  produced  by  incorporating 
the  gold  in  the  emulsion.  All  silver  print 
ing-out  papers  are  practically  obsolete  in 
this  country,  being  used  only  by  some  por 
trait  photographers  for  proofs. 
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Chapter  77 

THE  MANUFACTURE  AND  PHYSICAL 
PROPERTIES  OF  FILMS,  PLATES,  AND  PAPERS 


Proper  use  of  photographic  materials 
requires  some  knowledge  of  the  support 
on  which  the  sensitive  emulsion  is  coated, 
namely,  film  base,  glass  plates,  or  paper. 
These  will  be  discussed  from  the  point  of 
view  of  requirements,  preparation,  treat 
ment,  and  properties. 

Film  Base — Requirements.  The  require 
ments  of  a  satisfactory  film  base  are  rather 
exacting,  as  indicated  by  the  following: 

1.  Optical  Requirements 

(a)  Transparent    and    optically    ho 
mogenous 

(b)  Free  from  haze  and  visible  im 
perfections 

(c)  Colorless  (except  where  antihala- 
tion  protection  is  required) 

2.  Chemical  Requirements 

(a)  Chemically    stable x 

(b)  Inert   to   highly   sensitive   emul 
sions 

(c)  Can  be  subbed  for  adherence  of 
the   emulsion  layer 

(d)  Unaffected       by       photographic 
chemicals 

(e)  Moisture  resistant 

3.  Physical  Requirements 

(a)  Strong,  tough,  and  hard  but  not 
brittle 

(b)  Stiff  but  also  flexible 

(c)  Tear  resistant 

(d)  Free  from  curl,  buckle,  etc. 

(e)  Dimensionally  stable 


4.  Thermal  Requirements 

(a)  High  softening  temperature 

(b)  Slow  burning2 

In  addition  to  these  general  require 
ments,  there  are  certain  special  require 
ments  for  film  base  which  depend  on  the 
particular  type  of  photography  for  which 
it  is  intended.  For  amateur  roll  film  the 
base  must  be  thin  enough  to  permit  wind 
ing  on  a  small-diameter  spool  and  enable 
the  spool  to  carry  the  desired  length  of 
film.  Film  used  in  film  packs  must  have 
even  greater  flexibility  because  of  the 
sharp  radius  it  must  follow  when  the  tab 
is  pulled.  Motion  picture  film  requires 
a  stronger,  tougher  base  with  better  wear 
ing  qualities  because  it  has  to  be  trans 
ported  repeatedly  at  appreciable  speeds  by 
mechanical  teeth,  which  engage  in  per 
forations  in  the  film.  It  must  also  have 
good  dimensional  stability  or  the  film 
perforations  will  not  mesh  properly  with 
the  sprocket  teeth. 

Sheet  film  for  portrait  or  commercial 
use  should  be  flat  under  all  atmospheric 
conditions  so  that  it  will  remain  in  the 
focal  plane  and  handle  properly.  For  this 
reason  the  base  for  sheet  film  is  generally 
made  thicker  than  for  other  types  of  film. 
Film  used  for  three  or  four  color-separa 
tion  work  must  have  especially  good  di 
mensional  stability  to  ensure  proper 
register. 

Some  of  the  requirements  are  mutually 
contradictory  and  many  compromises  must 


iASA  Standard  PH  1.28-1957. 


2  ASA  Standard  PH  1.25-1956, 
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be  made  in  selecting  the  best  material.  It 
is  because  the  requirements  are  so  rigid 
that  relatively  few  materials  have  proved 
practical  for  film  base.  For  many  years, 
only  certain  cellulose  esters  were  used, 
but  recently  several  synthetic  high  poly 
mer  resin  film  supports  have  made  their 
appearance. 

Cellulose.  Cellulose  is  found  in  cotton 
linters,  wood  pulp,  and  other  naturally 
occurring  materials.  The  purer  forms  of 
cellulose  have  an  empirical  composition 
which  corresponds  to  (C6Hio05)n.  The 
cellulose  molecule  consists  of  a  long  chain 
of  glucose  units  which  are  linked  together 
by  1-4  glycosidic  oxygen  bonds.  Accord 
ing  to  Haworth,3  the  formula  for  cellulose 


H 


Cellulose  Nitrate.  If  cellulose  is  treated 
with  a  mixture  of  nitric  acid  and  sulfuric 
acid,  cellulose  nitrate  is  obtained.  Cellu 
lose  containing  t\vo  and  a  fraction  nitrate 
groups  per  glucose  unit  (11  to  12.4% 
nitrogen)  is  known  as  pyroxylin  and  was 
used  for  the  first  flexible  photographic 
film  base  introduced  in  1889.  It  has  ex 
cellent  physical  properties  but  suffers  from 
poor  chemical  stability 5  and  great  fire 
hazard.6  For  these  reasons  it  was  gradu 
ally  replaced  by  "safety"  base  made  from 
cellulose  acetate  and  other  slow-burning 
cellulose  esters  between  1930  and  1950. 
Although  nitrate  film  is  no  longer  manu 
factured  in  the  United  States,  some  types 
are  still  being  made  in  Europe  and  Asia. 
However,  considerable  quantities  of  proc- 


glucose  unit 


CH2OH 


OH 


Cellobiose  group 


Staudinger 4  found  that  the  degree  of 
polymerization  of  cotton,  as  glucose  units, 
is  approximately  750  and,  since  each  glu 
cose  unit  has  a  combined  equivalent  weight 
of  162,  the  molecular  weight  for  cotton 
cellulose  is  in  the  order  of  120,000. 

It  should  be  noted  that  each  glucose  unit 
in  the  cellulose  molecule  contains  three 
hydroxyl  groups,  which  may  be  esterified. 


essed  nitrate  film  remain  in  storage  and 
constitute  a  possible  fire  hazard.  Such 
films  should  be  inspected  frequently,  and 
when  yellow  discoloration  or  the  odor  of 


3  Haworth,  J.  Soc.  Dyers  and  Colorists  50,  Jubi 
lee  issue. 

*  Staudinger  and  Jurish,  JZunstseide  21,  (1) 
6-9  (1939). 

SUTEBMEISTER,  The  Chemistry  of  Pulp  and 
Paper  Making,  John  Wiley  and  Sons,  Inc., 
New  York,  1941,  pp.  11-19. 


s  Hill  and  Weber,  J.  Soc.  Mot.  Pict.  Eng.  27, 
677  (1936). 

eNuckolls  and  Matson,  /.  Soc.  Mot.  Pict.  Eng. 
27,  657  (1936). 

DOREE,    Methods    of    Cellulose    Chemistry,    D. 

Van  Nostrand  Co.,  Inc.,  Princeton,  N.  J., 

1946. 
OTT,    High    Polymers,    Vol.    V,    Cellulose    and 

Cellulose  Derivatives,  Part  I,  Interscience 

Publishers,  Inc.,  New  York,  1954. 
BATTISTA,    Fundamentals    of    High    Polymers, 

Reinhold    Publishing    Corp.,    New    York, 

1958. 
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nitric  acid  is  detected,  they  should  be 
copied  on  safety  film  and  then  destroyed.7' 8 
Cellulose  "Diacetate."  Organic  esters 
of  cellulose  are  prepared  commercially  by 
treating  the  cellulose  with  a  mixture  of  an 
acid  anhydride,  as  esterifying  agent;  an 
organic  acid,  as  diluent;  and  an  inorganic 
acid,  as  catalyst.9' 10  Cellulose  acetate  is 
produced  by  treating  cotton  linters  or 
wood  cellulose  with  a  mixture  of  acetic 
anhydride,  glacial  acetic  acid,  and  a  cata 
lyst,  such  as  sulfuric  acid. 

[C6H7Oo(OH)3]w  +  3fl(CE3CO)20 
«=*  [C6H702(OCOCH3)3]n 

+  37iCH3COOH 

By  partially  hydrolyzing  the  triacetate 
first  formed,  with  acetic  acid  and  water, 
a  product  is  obtained  which  contains  38% 
to  40%  acetyl,  or  about  two  and  a  half 
acetyl  groups  per  glucose  unit.  This 
product  is  often  referred  to  as  cellulose 
diacetate,  but  actually  contains  about  2^ 
acetyl  groups  per  glucose  unit.  It  is  sol 
uble  in  acetone  and  forms  stable  films  on 
evaporation. 

Cellulose  diacetate  film  base  was  tried 
commercially  before  World  War  I  but  its 
use  did  not  spread  until  after  1922  when 
16  mm.  amateur  movie  film  was  intro 
duced,  for  which  a  slow-burning  safety 
base  is  essential.  Its  use  increased  until 


7  Cummings,  Hutton,  and  SiLfin,  J.  Soc.  Mot. 
Pict.  and  Tel.  Eng.  54,  268  (1950). 

s  Calhoun,  J.  Bio.  Phot.  Assoc.  21,  No.  3,  1 
(1953). 

9  Malm,    Tanghe,    and   Laird,    J*    Ind.    $    Eng. 
Chem.  38,   77    (1946). 

10  Malm  and  Tanghe,  J.  Ind.  $  Eng.  Chem.  47, 
995    (1955). 

OTT,  High  Polymers,  Vol.  V,  Cellulose  and 
Cellulose  Derivatives,  Part  II,  Interscience 
Publishers,  Inc.,  New  York,  1954. 

HERCULES  POWDER  Co.,  Nitrocellulose — Prop 
erties  and  Uses,  Wilmington,  Dela.,  1955. 

MILES,  Cellulose  Nitrate,  Interscienee  Publish 
ers,  Inc.,  New  York,  1955. 


about  1940,  but  has  since  decreased  stead 
ily  as  improved  types  of  safety  base  be 
came  available.  It  suffers  from  two  major 
disadvantages:  (1)  It  is  less  resistant  to 
moisture  than  other  cellulose  esters,  which 
means  that  films  made  from  it  are  less 
dimensionally  stable;  and  (2)  it  is  inferior 
in  certain  physical  properties,  such  as  ten 
sile  strength  and  flexibility. 

Mixed  Cellulose  Esters.  Organic  acid 
cellulose  esters  other  than  cellulose  acetate 
were  first  used  in  1931  in  the  manufacture 
of  safety  film  base.  Cellulose  propionate 
and  cellulose  butyrate  are  more  difficult 
to  manufacture  than  cellulose  acetate  and 
suffer  from  the  disadvantages  of  softness 
and  low  strength.  However,  the  mixed  es 
ters,  cellulose  acetate  propionate  and  cellu 
lose  acetate  butyrate,  give  products  with 
improved  physical  properties  compared 
with  cellulose  diacetate  and  are  easier  to 
manufacture  than  cellulose  propionate  or 
cellulose  butyrate.11  These  mixed  esters 
are  manufactured  by  including  both  acyl 
components  in  the  esterification  bath  in 
the  form  of  acids  or  anhydrides. 

The  properties  of  these  mixed  cellulose 
esters  depend  on  (1)  the  particular  acyl 
groups  present,  (2)  the  ratio  of  acetyl  to 
propionyl  or  butyryl,  (3)  the  degree  of 
esterification  (or  conversely  the  degree  of 
hydrolysis),  and  (4)  the  length  of  cellu 
lose  chain.12  Figure  11.1  shows  the  acetate 
butyrates,  which  have  been  of  interest  in 
the  photographic  industry.  The  major  ad 
vantage  of  the  mixed  cellulose  esters  in 
film  base  compared  with  cellulose  diacetate 
is  greater  moisture  resistance,  which  means 
better  dimensional  stability.  Flexibility 


11  Clarke  and  Malm,  U.S.P.  2,048,685   (1936). 

12  Malm,  Fordyee,  and  Tanner,  J.  Ind.  &  Eng. 
Chem.  34,  430    (1942). 

OTT,  High  Polymers,  Vol.  V,  Cellulose  and 
Cellulose  Derivatives,  Part  II,  Intersci 
ence  Publishers,  Inc.,  New  York,  1954. 


164 


FILMS,  PLATES,  AND  PAPERS 


is  manufactured  in  the  same  way  as  the 
diacetate,  except  that  hydrolysis  is  stopped 
at  an  earlier  stage.  A  similar  type  of 
cellulose  triacetate  film  base  is  now  manu 
factured  in  Europe  and  Asia  as  well. 

Cellulose  triacetate  provided  for  the  first 
time  a  safety  base  having  sufficient  tough 
ness  for  35  mm.  motion  picture  film  for 
theater  use.  Its  introduction  permitted 
the  manufacture  of  nitrate  base  to  be  dis 
continued  in  the  United  States.  Triace 
tate  base  is  now  used  for  many  roll  and 
sheet  films  as  well  as  for  motion  picture 
films. 

Synthetic  Resins.  Although  some  cellu 
lose  esters  are  better  than  others  for  film 
base,  their  moisture-absorption  character 
istics  result  in  dimensional  changes  with 
relative  humidity  which  are  objectionable 
in  certain  applications.  Consequently, 
there  has  been  a  constant  search  among 
various  synthetic  resins  for  a  plastic  mate 
rial  that  is  unaffected  by  water  and  meets 
the  other  essential  requirements  for  pho 
tographic  film  base.  Until  fairly  recently, 
the  known  materials  were  either  too  diffi 
cult  to  manufacture  as  transparent  films 
or  had  other  serious  weaknesses.  Syn 
thetic  resins  which  have  been  used  com 
mercially  as  film  base  include  polyvinyl 
chloride-acetate,  polystyrene,  and  poly 
esters,  such  as  polyethylene  terephthalate 
and  bisphenol-A  polycarbonate. 

Polyvinyl  Chloride-Acetate.  Rigid  poly- 
vinyl  chloride-acetate  containing  about 
90%  vinyl  chloride  and  10%  vinyl  acetate 
was  used  to  a  very  limited  extent  for  di- 
mensionally  stable  graphic  arts  films  be 
tween  1945  and  1955.  It  contained  no 
solvent  or  plasticizer  and  was  made  by 
calendering  between  hot  rolls.  This  mate 
rial  is  very  resistant  to  moisture,  but  suf- 

OTT,    High   Polymers,   Vol.    V,    Cellulose    and      OTT,    High   Polymers,   Vol.    V,    Cellulose    and 
Cellulose  Derivatives,  Part  II,  Interscience  Cellulose  Derivatives,  Part  II,  Interseience 

Publishers,  Inc.,  New  York,  1954.  Publishers,   Inc.,   New  York,  1954. 


FIG.  11.1.     Composition   diagram   for  cellulose 
mixed  esters  of  acetic  and  butyric  acids  illus 
trating   those   useful   in   film   base. 


was  also  improved  over  the  earlier  types 
of  diacetate  base. 

Cellulose  Triacetate.  Fully  esterified 
cellulose  acetate  containing  three  acetyl 
groups  per  glucose  unit  (44.8%  aeetyl)  is 
called  cellulose  triacetate.  It  is  much 
superior  to  cellulose  diacetate  in  moisture 
resistance,  and  has  improved  strength  and 
toughness  compared  with  both  the  diace 
tate  and  the  mixed  cellulose  esters.13  How 
ever,  methylene  chloride  is  about  the  only 
practical  solvent  for  cellulose  triacetate 
and  it  was  not  available  in  commercial 
quantities  and  at  an  acceptable  price  until 
after  World  War  II.  This  difficulty  re 
tarded  the  use  of  cellulose  triacetate  for 
film  base  for  a  number  of  years.  About 
1948  a  cellulose  "triacetate"  containing 
43%  to  44%  acetyl,  slightly  less  than  a 
theoretical  triacetate,  came  into  use  for 
safety  film  base  in  the  United  States.14 
This  slight  reduction  in  acetyl  from  the 
theoretical  triacetate  was  necessary  to  ob 
tain  the  desired  solubility.  The  triacetate 


is  Malm,  Mench,  Kendall,  and  Hiatt,  J.  Ind.  $ 
Eng.  Chem.  43,  688  (1951). 

i^Fordyce,  J.  Soc.  Mot.  Pict.  Eng.  51,  331 
(1948). 
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fers  from  a  low  softening  temperature 
(about  70° C.)  and  from  brittleness.  An 
even  more  serious  difficulty  is  that  it  has 
not  been  available  in  a  clear,  transparent 
form  in  continuous  lengths,  but  only  with 
a  rough  surface  left  by  the  calendering 
operation. 

Polystyrene.  Polystyrene  is  not  a  new 
synthetic  resin,  but  has  been  used  for 
molding  kitchen  ware,  toys,  and  numerous 
other  articles  since  1935.  The  polymeriza 
tion  of  styrene  proceeds  by  heat  alone  or 
with  the  aid  of  catalysts : 


CH=CH2 


— CH— OH* 


Commercial  polymers  contain  500  to  2000 
monomeric  units,  which  correspond  to 
molecular  weights  of  50,000  to  200,000. 

Although  polystyrene  is  soluble  in  sev 
eral  solvents,  it  is  not  practical  to  cast  it 
into  film  from  solution.  Instead  it  is  cast 
from  a  melt.  In  its  ordinary  form,  poly 
styrene  is  a  rather  brittle  plastic  and  is 
quite  unsuitable  for  film  base.  However, 


nHO— CH2— CH2— OH  -f  nCH3— O— i 


Oriented  polystyrene  has  been  used  as  a 
base  for  special  graphic  arts  films  since 
1954  because  of  its  improved  dimensional 
stability.  It  has  excellent  moisture  re 
sistance  and  adequate  physical  properties 
for  most  sheet  films.  However,  polysty 
rene  base  has  not  been  used  for  aerial  film 
or  motion  picture  film,  partly  because  of 
its  tear  resistance  and  tensile  strength 
characteristics.  Polystyrene  is  also  sus 
ceptible  to  stress  crazing,16  sensitivity  to 
which  is  increased  by  certain  cleaning  sol 
vents  and  staging  paints.  It  also  has  a 
low  softening  temperature  (100°C),  al 
though  not  as  low  as  that  of  polyvinyl 
chloride-acetate. 

Polyethylene  Terephthalate.  Polyethyl 
ene  terephthalate  is  one  type  of  a  poly 
ester  which  was  used  first  as  a  fiber  and 
which  is  relatively  new  in  the  film  base 
field.  The  polymer  was  discovered  by 
Whinfield  and  Dickson17'18  in  1941,  but 
its  commercial  development  has  come  about 
largely  since  World  War  II.  It  is  made 
from  ethylene  glycol  and  dimethyl  tereph 
thalate  by  ester  interchange  and  polymer 
ization  with  the  elimination  of  methanol : 19 


it  was  discovered  that  if  a  polystyrene 
sheet  were  biaxially  oriented  by  stretching 
in  both  directions  while  heated,  a  remark 
able  improvement  in  flexibility  occurred.15 
is  Bailey,  India  Eub~ber  World  118,  225  (1948). 
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SIMONDS,  WEITH  AND  BIGELOW,  Handbook  of 
Plastics,  D.  Van  Nostrand  Co.,  Inc., 
Princeton,  N.  J.,  1949. 

SCHILDKNECHT,  Vinyl  and  Eelated  Polymers, 
John  Wiley  and  Sons,  Inc.,  New  York, 
1952. 
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This  polycondensation  reaction  requires  a 
suitable  catalyst  and  heat.  As  the  reaction 
proceeds,  a  steady  increase  in  viscosity 
occurs  until  the  desired  molecular  weight 
of  about  25,000  is  reached. 

Terephthalate  polyester  is  insoluble  in 
common  solvents  and  so  it  is  impractical  to 
convert  it  to  film  base  by  solvent  casting. 
Instead  it  is  cast  from  a  melt,  as  is  poly 
styrene.  Polyethylene  terephthalate  may 
be  amorphous  or  have  various  degrees  of 
crystallinity  depending  on  the  heat  treat 
ment  it  receives.  It  melts  at  about  260° C. 
and,  if  rapidly  quenched,  shows  almost  no 
crystallinity.  If  it  is  then  heated  above 
its  second-order  transition  temperature  of 
about  80° C.,  it  gradually  crystallizes  at  a 
rate  which  increases  with  temperature. 


ing  characteristics,  but  because  its  high 
tear  strength  means  longer  life  for  large 
sheets  which  must  be  handled  frequently. 
The  toughness  of  terephthalate  polyester 
base  has  led  to  proposals  for  its  use  in 
motion  picture  film  in  thinner  gauge  and 
in  longer  rolls.23  However,  it  has  not  yet 
made  serious  inroads  in  this  field,  partly 
because  of  the  problems  of  splicing 24' 25 
(limited  solubility),  and  because  of  static 
(low  electrical  conductivity). 

Bisphenol-A  Polycarbonate.  Another 
polyester  film  base  made  from  bisphenol-A 
polycarbonate  appeared  in  Germany  in 
1957.26> 27' 28  One  method  of  preparing  the 
polymer  is  to  start  with  bisphenol-A  which 
is  made  by  first  reacting  phenol  with  ace 
tone: 


2C6H5OH  +  CH3 


OH  +  H20 


CH3 
Bisphenol-A 


This  causes  it  to  become  opaque  and 
brittle.  However,  excellent  physical  prop 
erties  can  be  obtained  by  biaxial  orienta 
tion  and  suitable  heat  treatment.19' 20 

Terephthalate  polyester  film  appeared 
commercially  in  1955  and  has  found  a  use 
ful  place  in  the  graphic  arts  industry  in 
applications  where  dimensional  stability  is 
important.21'22  It  has  also  proven  advan 
tageous  for  industrial  films  for  the  repro 
duction  of  mechanical  drawings  and  maps, 
not  only  because  of  its  excellent  size  hold- 


so  Amborski  and  Flierl,  /.  Ind.  $  Eng.  Chem. 
45,  2290  (1953). 

siCenta,  Photogram.  Eng.  21,   539    (1955). 

22  Centa,  Proc.  Tech.  Assoo.  Graphic  Arts  8, 
75  (1956). 


The  bisphenol-A  is  then  dissolved  in  so 
dium  hydroxide  solution  and  treated  with 
phosgene  gas.  A  linear  polycarbonate  is 


23  White,    Gass,    Meschter,    and    Holm,    J.    Soc. 
Mot.  Pict.  and  Tel.  Eng.  64,  674    (1955). 

24  Chambers  and  Holm,  J.  Soc.  Mot.  Pict.  and 
Tel  Eng.  64,  5  (1955). 

25Upson,  Meschter,  and  Holm,  J.  Soc.  Mot. 
Pict.  and  Tel.  Eng.  66,  14  (1957). 

26Schnell,  Angewandte  Chemie  68,  633   (1956). 

27Ger.  P.  959,497  and  1,001,586   (1957). 

28  Schnell,  J.  Ind.  #  Eng.  Chem.  51,  157 
(1959). 
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obtained  having  a  molecular  weight  up  to  150,000: 

CH3  O 

' '     -O|Na  +  nCl  \—C— Cl 


— o 


2/iNaCl 


Bisphenol-A  polycarbonate  is  also  finding 
applications  in  the  molded  plastics  field 
because  of  its  high  impact  strength.29  It 
has  some  of  the  advantages  of  polyethylene 
terephthalate  for  film  base  (low  moisture 
absorption  and  improved  tear  strength) 
and  in  addition  it  is  soluble  in  methylene 
chloride.  Hence,  it  can  be  cast  from  sol 
vents  in  the  same  way  as  cellulose  ester 
films.  The  polycarbonate  can  also  be  ex 
truded  from  a  melt  if  desired.  Useful 
properties  can  be  obtained  without  biaxial 
orientation,  although  the  high  strength  of 
polyethylene  terephthalate  has  not  been 
realized. 

Bisphenol-A  polycarbonate  base  has 
been  used  to  a  limited  extent  for  graphic 
arts  films  because  of  its  dimensional  stabil 
ity  with  respect  to  humanity.  However,  it 
lacks  the  stiffness,  toughness,  and  lower 
thermal  coefficient  of  polyethylene  tereph 
thalate. 

Solvent  Casting.  Cellulose  ester  photo 
graphic  film  base  is  made  by  combining 
the  cellulose  ester  with  suitable  solvents,  a 
plasticizer,  and  sometimes  stabilizers.  The 
function  of  the  solvents  is  to  dissolve  the 
ester  and  permit  a  thin  layer  to  form  and 
dry.  The  addition  of  the  plasticizer  im 
proves  the  flexibility,  and  moisture  re 
sistance,  and  in  certain  cases  reduces  the 
burning  rate. 

Films  are  formed  from  the  cellulose 
ester  solutions  or  "dope":  (1)  by  allowing 


29  Thompson    and    Goldblum,    Modern    Plastics 
35,  131   (1958). 


the  solvent  to  evaporate,  or  (2)  by  co 
agulation  with  a  nonsolvent  that  is  mis- 
cible  with  the  solvents  used.  Solutions 
used  for  coating  are  concentrated  and  very 
viscous,  having  the  consistency  of  thick 
honey. 

Cellulose  diacetate  dope  may  be  made  by 
dissolving  cellulose  acetate  containing  38 % 
to  40  %  acetyl  in  acetone  with  or  without 
the  addition  of  a  small  amount  of  methyl 
alcohol.  Cellulose  acetate  propionate  and 
cellulose  acetate  butyrate  are  usually  dis 
solved  in  a  mixture  of  chlorinated  hydro 
carbons  (such  as  ethylene  or  propylene 
dichloride),  together  with  methyl  or  ethyl 
alcohol.  Cellulose  triacetate  may  be  dis 
solved  in  a  mixture  of  methylene  chloride 
and  alcohol.  Triphenyl  phosphate  is  the 
most  common  plasticizer  for  all  types  of 
safety  cellulose  ester  film  base  because  it 
has  good  retention  and  is  an  effective  flame 
retardant.  It  is  used  in  amounts  varying 
from  5%  to  25%  of  the  cellulose  ester. 

The  base  is  usually  cast  by  spreading  the 
dope  in  a  uniform  layer  on  a  large  heated 
chromium-faced  drum  which  rotates 
slowly,  allowing  the  solvent  to  evaporate 
and  the  base  to  become  firm  enough  to  be 
stripped  off  in  a  continuous  sheet  before 
the  drum  has  made  a  complete  revolution 
(Fig.  11.2).  A  continuous  moving  metal 
belt  is  also  used  as  a  casting  surface  in 
some  machines.  The  base  is  then  passed 
through  a  series  of  heated  chambers  to  re 
move  the  remaining  solvent.  In  this 
"  curing "  operation  the  tension  on  the 
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CURING  ZONE 


WINDUF 


CASTING  WHEEL 


SURFACE  APPLICATIONS 


FIG.  11.2.     Schematic    diagram    of    a    machine 
for  solvent  casting  of  film  base. 

sheet  must  be  carefully  controlled  because 
stretching  the  base  tends  to  orient  the  cel 
lulose  ester  molecules  in  the  direction  of 
stretch.  This  in  turn  affects  the  mechani 
cal  and  dimensional  properties  of  the 
film.30 

Where  dimensional  stability  is  impor 
tant,  as  in  motion  picture  negative  and 
aerial  films,  additional  precautions  are 
taken  to  remove  as  much  of  the  residual 
solvent  from  the  support  as  possible.  Film 
base  for  these  products  generally  con 
tains  less  than  1%  residual  solvent, 
whereas  other  types  of  cellulose  ester  base 
may  contain  up  to  8%  solvent.  In  addi 
tion,  topographic  aerial  film  base  must  be 
as  uniaxial  as  possible,  i.e.,  the  properties 
must  be  nearly  identical  in  the  machine 
and  cross  directions  of  the  sheet.81' S2  This 
is  because  uniform  shrinkage  can  be  cor 
rected  by  a  change  in  magnification  in  the 
production  of  maps,  but  nonuniform 
shrinkage  leads  to  errors  that  cannot  read 
ily  be  corrected.  Uniaxialism  in  aerial 
film  support  is  achieved  by  carefully  avoid 
ing  stretching  of  the  base  during  the  cur 
ing  operation. 

The  base  is  wound  into  rolls  50  in.  or 
more  in  width  and  up  to  3000  ft.  long. 


soCalhoun,    J.    Soc.    Mot.    Pict.    Eng.    43,    227 
(1944). 

siWynd,   U.S.P.   2,260,501    (1941). 
ssCalnoun,  Photogram.  Eng.  13,  163   (1947). 


The  solvents  are  recovered  from  the  air 
and  used  over  again.  The  most  common 
thicknesses  of  cellulose  ester  film  base  are : 

Inches  Millimeters 

Roll  film 0.0033  0.085 

Motion  picture  film 0.0055  0.140 

Sheet  film 0.0083  0.210 

Melt  Casting-  and  Biaxial  Orientation. 

Synthetic  resins  such  as  polystyrene  and 
polyesters,  which  are  impossible  or  im 
practical  to  cast  from  solvents,  can  be 
converted  to  film  base  by  the  melt  casting 
process.  The  physical  properties  of  the 
base  may  be  markedly  improved  by  bi 
axial  orientation. 

Methods  proposed  for  the  melt  casting 
and  biaxial  orientation  of  polyesters,  such 
as  polyethylene  terephthalate,  are  de 
scribed  in  the  literature.33'84  The  molten 
polymer  is  fed  into  an  extrusion  hopper 
and  forced  through  a  long  narrow  slot 
onto  the  casting  wheel  (Fig.  11.3).  The 
melt  is  cooled  rapidly  and  then  coated 
with  a  thin  layer  of  a  copolymer  disper 
sion  for  subbing  purposes.  This  is  fol 
lowed  by  the  orientation  process  in  which 
the  sheet  is  stretched  in  both  width  and 
length  at  a  carefully  controlled  tempera 
ture.  The  original  sheet,  therefore,  must 


ss  Hudson,    British    Plastics    26,    No.    284,    6 
(1953). 
34AUes  and   Saner,  U.S.P.  2,627,088    (1953). 

CARVER,  The  Manufacture  of  Motion  Picture 
Film,  J.  Soc.  Mot.  Pict.  Eng.  28,  594 
(1937). 

SHEPPARD  AND  NEWSOME,  Film  Formation 
with  Cellulose  Derivatives,  J.  Soc.  Chem. 
Ind.  56,  256  (1937) 

FORDTCE  AND  MEYER,  Plasticizers  for  Cellulose 
Acetate  and  Cellulose  Acetate  Butyrate, 
J.  Ind.  &  Eng.  Chem.  32,  1053  (1940). 

STANNETT,  Cellulose  Acetate  Plastics,  Temple 
Press  Ltd.,  London,  1950. 

SHEFFIELD,  "Enterprise  in  the  Constable  Coun 
try,"  (Manufacture  of  triacetate  film 
base)  British  J.  Phot.  105,  386  (1958). 
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G.  11.3.     Schematic    diagram   of   a  machine   for   melt   casting    and   biaxial 
orientation  of  film  base.     Prom  Alles  and  Saner,  U.S.P.  2,627,088  (1953). 


be  several  times  the  thickness  desired  in 
the  finished  film  base.  Stretching  the 
sheet  under  proper  conditions  causes  the 
long  polymer  molecules  to  become  oriented 
in  the  plane  of  the  film  with  resulting  im 
provement  in  flexibility,  strength,  and 
other  physical  properties. 

The  stretched  polyethylene  terephtha- 
late  film  base  is  next  " heat-set"  by  heat 
ing  while  under  tension  to  a  temperature 
above  that  used  for  orientation.  Crystal 
lization  occurs  and  the  density  of  the 
sheet  increases.  (Because  the  sheet  is  ori 
ented  before  crystallization,  heating  no 
longer  causes  it  to  become  opaque  and 
brittle.)  This  treatment  locks  the  polymer 
molecules  into  place  so  that  subsequent 
shrinkage  of  the  sheet,  at  temperatures  up 
to  the  heat-setting  temperature,  is  prac 
tically  eliminated. 

Polystyrene  sheet  may  be  made  by  a 
similar  melt  casting  and  biaxial  orienta 
tion  process.35'36  However,  this  material 


35  Wiley  et  al,  TT.S.P.  2,412,187    (1946). 

36 Bailey,  India  duller  World  118,  225  (1948). 


does  not  crystallize  and  cannot  be  heat-set. 
When  the  finished  sheet  is  heated  above  its 
softening  temperature,  it  may  shrink  as 
much  as  two  thirds  of  its  length  and  width 
and  increase  as  much  as  ninefold  in 
thickness. 

Standard  thicknesses  for  polystyrene 
film  base  currently  are  0.005  and  0.010  in., 
and  for  polyethylene  terephthalate  film 
base,  0.004  and  0.007  in.  This  compares 
with  0.0055  and  0.0083  in.,  respectively, 
for  cellulose  ester  base  for  similar  prod 
ucts.  The  reduction  in  thickness  for  poly 
ethylene  terephthalate  film  base  permits 
correspondingly  greater  roll  lengths. 

SIMONDS,  WEITH,  AND  SCHACK,  Extrusion  of 
Plastics,  Rubber  and  Metals,  Reinhold 
Publishing  Corp.,  New  York,  1952. 

FORTNER,  Biaxially  Oriented  Methacrylate  and 
Polystyrene  Sheet,  J.  Soc.  Plastics  Eng.  9, 
21  (1953). 

SCABLETT,  TLS.P.  2,823,421  (1958). 

BERNHABDT,  Processing  of  Thermoplastic  Ma 
terials,  Reinhold  Publishing  Corp.,  New 
York,  1958. 

McCoRMiCK,  A  Close  Look  at  Polystyrene 
Film,  Package  Eng.  3,  No.  6,  21,  (1958). 
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Sub  Coating.  Since  gelatin  emulsions 
do  not  adhere  to  film  base,  sub  coating  is 
necessary  to  prevent  frilling  of  the  gelatin 
layer  when  wet,  or  stripping  when  dry. 
Gelatin  is  insoluble  in  organic  solvents 
and  the  base  is  insoluble  in  water,  but  it  is 
possible  to  prepare  solutions  consisting  of 
gelatin  and  cellulose  nitrate,  or  acetate, 
dissolved  in  a  mixture  of  one  of  the  or 
ganic  solvents  and  water.  Cellulose  ester 
film  base  is  coated  with  a  thin  layer  of  this 
and  then  dried.  During  drying,  the  or 
ganic  solvents  and  water  evaporate,  de 
positing  on  the  film  base  a  surface  layer 
of  gelatin  and  cellulose  nitrate  or  acetate. 
The  cellulose  nitrate  deposited  results  in 
good  adhesion  of  the  sub  coating  to  the 
film  base,  whereas  the  gelatin  present  en 
sures  good  adhesion  of  the  emulsion.  Dif 
ferent  materials  and  techniques  are  used 
for  sub  coating  the  various  types  of  syn 
thetic  resin  film  base. 

Support  Properties.  Some  of  the  more 
important  properties  of  several  types  of 
film  base  are  given  in  Table  11.1.  Varia 
tions  in  the  values  listed  will  occur  with 
the  exact  compositions  selected,  mode  of 
manufacture,  and  method  of  testing.  The 
cellulose  ester  supports  contain  plastieiz- 
ers  which  may  vary  in  kind  and  amount; 
the  synthetic  resin  supports  contain  no 
plasticizers. 

The  three  synthetic  resin  film  supports 
exhibit  a  very  low  water  absorption,  com 
pared  with  the  cellulose  esters,  which  as 
sures  greater  dimensional  stability  with 

KOZLOFF,  Mechanism  of  Adhesion  of  the  Emul 
sion  to  the  Support,  Proe.  Int.  Cong. 
Pliot.,  p.  255  (1935). 

FUCHS,  Preliminary  Preparation  of  Photo 
graphic  Layers,  Phot.  Ind.  34,  552,  554 
(1936). 

CHAERIOU  AND  VALETTE,  Adhesions  of  Photo 
graphic  Emulsion  to  Cellulose  Acetate 
Supports,  Sti.  et  Ind.  Phot.  (2)  8,  99 
(1937). 

SWINDELL,  U.S.P.  2,698,235   (1954). 


respect  to  humidity.  In  mechanical  prop 
erties,  cellulose  triacetate  is  superior  to 
other  safety  cellulose  esters,  but  poly 
ethylene  terephthalate  is  outstanding. 
Polystyrene  has  a  lower  heat  distortion 
temperature  than  the  cellulose  esters  and 
polyethylene  terephthalate  a  higher  one. 
The  electrical  resistivity  of  the  synthetic 
resin  supports  is  higher  than  that  of  the 
cellulose  esters  and  these  materials,  there 
fore,  are  more  susceptible  to  static  troubles 
unless  protected  by  suitable  antistatic 
overcoatings.  The  poor  solubility  of  poly 
ethylene  terephthalate  in  common  solvents 
makes  it  difficult  to  splice  easily. 

Film  Emulsion  Coating.  Film  base  is 
coated  with  emulsion  in  rolls  50  in.  or 
more  wide  and  up  to  3000  feet  long.  A 
common  coating  method  involves  passage 
of  the  film  base  beneath  a  roller  which  is 
immersed  in  a  long  shallow  trough  con 
taining  the  liquid  emulsion  to  be  coated 
(Fig.  11.4).  Suitable  means  of  accurately 
controlling  the  temperature  of  the  emul 
sion  in  the  trough  are  available. 

It  is  important  that  the  uniformity  and 
thickness  of  the  applied  coating  be  held 
to  very  rigid  specifications,  because  emul 
sion  thickness  is  very  important  in  con 
trolling  the  photographic  properties  of 
the  film.  Not  only  is  it  essential  that 
the  coating  be  of  the  proper  thickness,  but 
it  must  be  uniform  over  both  the  width 
and  the  length  of  the  roll  and  from  one 
roll  of  base  to  another.  Thickness  is  con 
trolled  by  emulsion  concentration,  emul 
sion  viscosity,  and  speed  of  coating. 

There  is  a  scarcity  of  published  litera 
ture  on  exact  coating  methods,  although 
several  proposed  coating  methods  have 
been  described  by  Egan.37 

ST  Egan,  Paper  Trade  J.  121,  No.  17,  49  (1945). 

SPENCER,  Progress  in  Photography,  The  Focal 
Press,  New  York,  Yol.  I,  181  (1940-1950)  ; 
Vol.  II,  27,  161  (1951-1954);  Vol.  Ill, 
88  (1955-1958). 
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TABLE    11.1.      TYPICAL   PROPERTIES   OF   SEVERAL    FILM   SUPPORTS* 


Property 

Cellulose 
Diacetate 

Cellulose 
Acetate 
Butyrate 

Cellulose 
Triacetate 

Polystyrene 

Polyethylene 
Tereph- 
thalate 

Bisphenol-A 
Poly 
carbonate 

Specific  gravity  

1  30 

1  24 

1  28 

1  06 

1  39 

1  90 

Refractive  index,  Nd  . 

1  49 

1  48 

1  48 

1  59 

1  64 

1   tt 

Water  absorption,  %  .  . 
Linear  swell  in  water,  %  .  .   . 
Tensile  strength,  psi  .  .  . 

7.0 
1.6 

10  000 

4.5 
0.6 
10  000 

5.5 

0.8 
14  000 

<0.1 
0.01 
11  000 

0.6 
0.10 
25  000 

0.4 
0.03 
11  000 

Ultimate  elongation,  %  .... 
Modulus  of  elasticity  in  tension, 
105  psi  

35 
4  5 

50 
40 

35 
5  5 

3.0 
4  5 

110 
6  5 

90 
3  5 

Folding  endurance  (MIT),  No. 
Tear  resistance,  gm  

30 
50 

30 
45 

45 
50 

90 
25 

>  10,000 
150 

140 
90 

Heat  distortion  temp.,  °C. 

135 

130 

150 

100 

175 

150 

Volume  resistivity,  ohm-cm.  .   .  . 
Solubilityf 
Methyl  alcohol  

1015 
W 

1016 

s 

1016 
W 

1021 

N 

1019 

N 

N 

Acetone  . 

s 

s 

W 

W 

N 

W  S 

Methylene  chloride  

s 

s 

s 

s 

N 

S 

Heptane.  . 

N 

N 

N 

W 

N 

N 

Benzene.  .    . 

N 

W 

N 

s 

N 

W-S 

*  Mechanical  tests  made  at  70°F.— 50%  R.H.     Support  thickness  0.005  in.,  except  polyethylene  tereph- 
thalate  0.004  in. 

t  S  =  soluble,  N  =  no  effect,  W  =  swells. 


Immediately  after  coating,  the  film  is 
chilled  either  by  passage  through  a  "  chill 
box"  containing  refrigerated  air  or  by 
contact  with  chilled  drums.  The  emulsion 
which  is  normally  fluid  at  temperatures 
above  90°F.  sets  rapidly  to  a  gel  at  tem 
peratures  of  50 °F.  and  below.  It  can  be 
dried  at  temperatures  approximating  those 
of  normal  room  air  without  remelting. 

The  sheet  of  chilled,  coated  film  is  eon- 
ducted  by  automatic  machinery  to  the  dry 
ing  room  where  it  is  either  looped  and 
dried  in  the  form  of  festoons  or  carried 
over  an  arrangement  of  rollers  continu 
ously  through  the  drier.  The  emulsion  is 
dried  by  clean  air  of  the  proper  tempera 
ture  and  relative  humidity.  Drying  is  a 
very  important  operation  because  lack  of 
uniformity  in  drying  results  in  a  variation 
in  sensitivity  and  improper  drying  condi 
tions  may  seriously  affect  the  quality  of 
the  product  in  other  ways. 


Special  Coatings.  Film  base,  which  has 
a  high  degree  of  flexibility,  curls  badly  as 
the  emulsion  dries  due  to  the  contraction 


FIG.  11.4.    Diagram    illustrating   principle    of 

trough  and  roller  coating  machines.     (Baines, 

British   Journal   of  Photography.) 
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of  the  gelatin.  This  curling  is  counter 
acted  by  treating  the  opposite  side  of  the 
base  so  as  to  cause  it  to  contract  equally, 
but  in  the  opposite  direction.  In  roll  film 
and  sheet  film,  this  so-called  noncurl  coat 
ing  usually  consists  of  gelatin,  whereas  in 
motion  picture  film  a  certain  degree  of 
control  is  obtained  by  treating  the  back 
with  solvents  or  solutions  of  certain  cellu 
lose  esters  which  have  a  similar  effect  and, 
in  some  cases,  also  tend  to  reduce  the 
liability  of  static  electrical  discharges 
upon  the  unwinding  of  the  roll. 

On  sheet  and  roll  film,  dyes  which  ab 
sorb  light,  but  are  decolorized  by  the 
processing  solutions,  may  be  added  to  the 
gelatin  coating  applied  to  the  back  of  the 
film  base  to  produce  a  nonhalation  lack 
ing.  In  motion  picture  negative  and  min 
iature  camera  film,  where  a  gelatin  backing 
might  be  objectionable,  nonhalation  prop 
erties  are  obtained  by  incorporating  a 
suitable  light-absorbing  material  either  in 
a  removable  or  nonremovable  backing  or 
in  the  film  base  itself. 

Dyes  for  nonhalation  backings  must 
meet  the  following  requirements: 

1.  High  light  absorption  particularly  in 
region  of  maximum  emulsion  sensitivity. 

2.  No   effect   on  emulsion  or  film  base 
under  ordinary  conditions  of  storage. 

3.  No  effect  on  the  process  of  develop 
ment. 

4.  Some  films  require  nonhalation  dyes 
which  are  completely  bleached  or  removed 
either  in  the  developer  or  the  fixing  bath, 
preferably  the  former.     Other  films,  how 
ever,     may    contain    a    permanent    low- 
density,  antihalation  dye. 

5.  No     undesirable     residual     products 
left    after    ordinary    fixing,    washing,    or 
drying. 

If  a  sensitized  surface,  whether  film, 
paper,  or  glass  plate,  is  subjected  to  sur 
face  friction,  or  abrasion,  the  portions  af 


fected  by  the  stress  are  made  developable. 
This  is  a  surface  effect  which  can  be  pre 
vented  to  a  considerable  degree  by  apply 
ing  a  thin  layer  of  gelatin  over  the  emul 
sion,  the  protective  or  super-coating  form 
ing  what  is  sometimes  called  a  nonabrasion 
layer  or  coating.38 

Cutting  and  Packing.  The  large  rolls 
of  film  are  slit  into  strips  and  cut  to  the 
desired  size.39  Elaborate  testing  and  in 
spection  of  film  is  carried  out  at  this  point 
by  methods  which  are  complicated  because 
film  cannot  be  examined  with  ordinary 
illumination.  The  film  is  then  packed  for 
shipment. 

Only  specially  purified  packaging  mate 
rials  can  be  used  because  of  the  danger  of 
chemical  or  radioactive  contamination. 
Since  the  advent  of  the  atomic  bomb, 
radioactive  fall-out  from  test  explosions 
sometimes  contaminates  paper  and  card 
board  during  their  manufacture.  Elabo 
rate  precautions  are  necessary  to  prevent 
the  use  of  packaging  materials  containing 
radioactive  particles,  since  these  may  ex 
pose  spots  on  several  layers  of  film. 

The  moisture  content  of  the  film  at  the 
time  of  packaging  must  be  carefully  con 
trolled  at  some  specified  equilibrium  rela 
tive  humidity,  usually  selected  between 
40%  and  60%  E.H.  Too  low  a  moisture 
content  may  result  in  static  marks,  and 
too  high  a  moisture  content  in  tackiness  or 
improper  keeping  properties.  Protection 
of  film  against  moisture  vapor  transfer 
either  inward  or  outward  during  storage 
is  virtually  a  necessity,  and  greatly  im 
proved  packaging  materials  and  methods 


as  For  the  patent  literature  in  this  field  consult 
Chemical  Abstracts  (American  Chemical  Society) 
or  Photographic  Abstracts  (Royal  Photographic 
Society) . 

39  The  cutting  and  perforating  dimensions  for 
most  sizes  of  film  have  been  standardized  by 
the  American  Standards  Association,  10  East  40th 
Street,  New  York,  N.  Y.,  from  whom  copies  of 
such  standards  may  be  obtained. 
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have  been  developed  in  recent  years  for 
this  purpose. 

Physical  Properties  of  the  Finished 
Film.  The  physical  properties  of  the 
emulsion-coated  film  differ  in  several  re 
spects  from  those  of  the  film  base  itself, 
notably  in  moisture  absorption,  flexibility, 
curl,  and  dimensional  stability.  This  is 
because  of  the  chemical  and  physical  dif 
ferences  between  the  gelatin  emulsion  and 
base.  The  emulsion  is  much  more  sus 
ceptible  to  moisture  than  the  base  and  ex 
pands  and  contracts  to  a  larger  extent 
with  changing  humidities.  It  is  also  softer 
and  sometimes  tacky  when  moist,  and  more 
brittle  than  the  base  when  very  dry.  Each 
of  these  factors  affects  the  overall  proper 
ties  of  the  film. 

Moisture  Relationships.  Some  knowl 
edge  of  the  various  moisture  relationships 
of  photographic  film  is  fundamental  to 
any  understanding  of  its  physical  proper 
ties.40  Figure  11.5  shows  how  the  equilib 
rium  moisture  content  of  different  photo 
graphic  materials  varies  with  the  relative 
humidity  of  the  surrounding  air.  It 
should  be  emphasized  that  it  is  the  rela 
tive,  not  the  absolute,  humidity  that  deter 
mines  the  moisture  content  of  these  and 
similar  materials  within  the  range  of  nor 
mal  use  temperatures.  However,  over  a 
wide  range  of  temperature,  the  moisture 
content  decreases  slightly  with  increasing 
temperature  at  constant  relative  humid 
ity.41 

Gelatin  itself  absorbs  more  than  ten 
times  as  much  moisture  at  50%  R.H.  as 
does  triacetate  film  base.  A  photographic 
emulsion,  however,  absorbs  less  moisture 
than  gelatin,  the  amount  depending  on 
the  ratio  of  gelatin  to  silver  halide  and 
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40  Colton    and    Wiegand,    Moisture    in    Photo 
graphic  Film  and  Its  Measurement,  Phot,  Sci.  and 
Eng.  2,  170   (1958). 

41  Wiegerink,  /.  Res.  Nat.  Bur.  of  Stds.  24,  645 
(1940). 


RELATIVE   HUMIDITY,  % 

FIG.  11.5.  The  equilibrium  moisture  content 
of  several  photographic  materials  versus  rela 
tive  humidity  at  70  °F.  Lithographic  films 
coated  on  A,  cellulose  triacetate  base;  B,  poly 
ethylene  terephthalate  base;  C,  polystyrene 
base. 


other  constituents.  The  synthetic  resin 
supports,  as  we  have  seen,  absorb  con 
siderably  less  moisture  than  the  cellulose 
ester  supports.  Hence,  the  equilibrium 
moisture  content  of  a  photographic  film 
depends  on  the  kind  of  base,  emulsion,  and 
backing,  as  well  as  the  gelatin/base  thick 
ness  ratio,  which  may  vary  from  under  0.1 
to  over  0.5. 

The  steep  slope  of  these  moisture  equi 
librium  curves  above  60%  R.H.  (Fig.  11.5) 
is  noteworthy  because  it  is  the  clue  to  the 
many  adverse  effects  of  high  relative 
humidities  on  film.  To  eliminate  the  dif 
ficulties  which  sometimes  occur  in  photo 
graphic  work  under  adverse  humidity  con 
ditions,  many  professional  photographic 
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RELATIVE    HUMIDITY,  % 

FIG.  11.6.     The  effect  of  relative  humidity  on 

the    wedge    brittleness    of    cellulose    triacetate 

base  aerial  film  at  70 °F. 


laboratories  are  now  using  automatically 
controlled  air-conditioning  equipment. 

The  rate  of  attainment  of  moisture 
equilibrium  when  the  surrounding  relative 
humidity  changes  is  an  important  con 
sideration  in  practice.  A  single  layer  of 
film  freely  exposed  to  the  surrounding  air 
reaches  90 %  of  equilibrium  in  about  15 
min.  A  solid  16  mm.  roll  of  film  requires 
about  one  week,  and  a  solid  35  mm.  roll 
requires  about  two  weeks  to  reach  the  same 
level. 

The  physical  effects  on  the  emulsion  of 
excessive  moisture  include  the  tendency 
for  glaze  marks  to  appear,  tackiness  which 
may  cause  sticking  to  paper  or  to  metal 
parts,  the  transfer  of  backing  dyes  by 
contact  with  the  emulsion  surface,  etc. 
Damage  from  fungi,  as  well  as  photo 
graphic  defects  such  as  mottle,  decreased 
sensitivity  and  increased  fog,  also  occurs 
at  high  relative  humidities.  Serious  dam 
age  to  unprotected  sensitized  materials 


may  be  expected  in  short  periods  of  time 
at  relative  humidities  of  80  %  or  above 
and  in  longer  times  at  relative  humidities 
down  to  65%.  It  is  therefore  recom 
mended  that  relative  humidities  over  60% 
be  avoided  in  using  or  storing  photo 
graphic  films. 

Mechanical  Properties.  The  mechanical 
properties  of  film  vary  with  changes  in 
atmospheric  conditions.  Strength  and 
stiffness  decrease  and  flexibility  and  elon 
gation  increase  with  increase  in  both  tem 
perature  and  relative  humidity.  Figure 
11.6  illustrates  the  effect  of  relative  humid 
ity  on  the  brittleness  of  photographic  film 
determined  by  pulling  a  loop  of  film,  emul 
sion  side  out,  through  a  wedge.42 

Above  30 %  R.H.,  film  is  not  normally 
brittle;  but  below  20%  R.H.,  brittleness 
increases  rapidly.  This  is  because  the  gel 
atin  of  the  emulsion  becomes  quite  brittle 
at  low  moisture  levels  and  a  sudden  crack 
in  the  emulsion  tends  to  propagate  through 
the  base.  Polyethylene  terephthalate  sup 
port  has  such  high  flexibility  and  tough 
ness  that  a  brittle  fracture  of  the  emulsion 
seldom  penetrates  the  base. 

Other  mechanical  properties  of  the  film, 
such  as  tensile  strength,  modulus,  tear  re 
sistance,  etc.,  are  much  the  same  as  for 
the  respective  support  (Table  11.1). 

Deformation.  The  effort  made  in  manu 
facture  to  prevent  the  curl  of  photographic 
film  by  the  use  of  gelatin  backings  has 
already  been  mentioned.  In  the  case  of 
35  mm.  miniature  camera  and  certain 
other  types  of  film  for  which  gelatin  back 
ings  are  undesirable,  the  curl  of  the  film 
increases  as  the  moisture  content  decreases. 


42Adelstein,  Photo.  Sci.  and  Eng.  1,  63  (1957). 

CALHOUN,  The  Physical  Properties  and  Dimen 
sional  Stability  of  Safety  Aerographic 
Film,  Photogram.  Eng.  13,  163  (1947). 

CURRENT,  Equipment  for  Testing  some  Physi 
cal  Characteristics  of  Sensitized  Materials, 
Phot.  Eng.  5,  227  (1954). 
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TABLE    11.2.      APPROXIMATE   DIMENSIONAL   CHANGE    PROPERTIES    OF   SEVERAL   TYPES    OF 

PHOTOGRAPHIC    FILM* 


Film  Type  

Motion 
Picture 
Negative 

Motion 
Picture 
Positive 

Topographic 
Aerial 

Lithographic  Films 
(Gelatin  Backing) 

Base  Type 

Cellulose 
Triacetate 

Cellulose 
Triacetate 

Cellulose 
Acetate 
Butyrate 

Polystyrene 

Polyethylene 
Terephthalate 

Humidity  coefficient  of  linear  ex 
pansion,  lO-5in./in./l%R.H..  . 
Thermal  coefficient  of  linear  ex 
pansion,  10~5  in./in./°F  

8.0 
3.0 

-0.07 
-0.15 

6.0 

3.0 
-0.05 

-0.30 

8.5 

4.0 
-0.07 

-0.10 

2.0 

3.5 
+0.03  to  -0.03 

-0.06 

2.5 

1.5 
+0.03  to  -0.03 

-0.04 

Processing  dimensional  change,  % 
Aging  dimensional  change,  % 
(Processing  +  1  yr.  at  78  °F.— 
60%  R.H.)  

*  Support  thickness  0.005  in.,  except  polyethylene  terephthalate  0.004  in. 

Note:  Where  precise  engineering  data  are  required  on  current  film  products,  the  manufacturer  should 
be  consulted. 


This  is  because  the  emulsion  contracts 
about  7  or  8  times  as  much  as  the  base 
for  a  given  change  in  relative  humidity 
and  thus  pulls  the  base  into  a  curved  posi 
tion.  Even  if  an  anticurl  treatment  is 
incorporated  in  the  base,  low  relative  hu 
midities  should  be  avoided  with  this  type 
of  film  to  minimize  curl. 

Film  is  subject  to  other  types  of  defor 
mation  in  addition  to  curl,  e.g.,  buckle  and 
flute.**  Buckle  occurs  when  the  edges  of 
a  roll  or  the  edges  of  a  stack  of  film  sheets 
become  shorter  than  the  interior  as  a 
result  of  differential  shrinkage  or  differ 
ential  loss  of  moisture.  Flute  is  the  oppo 
site  of  buckle  and  occurs  when  the  edges 
become  longer  than  the  center  as  a  result 
of  differential  swelling  or  stretching. 
Curvature  is  another  type  of  distortion 
which  occurs  when  one  edge  of  a  strip  of 
film  is  longer  than  the  other  edge. 

All  types  of  film  distortion  must  be  held 
to  a  minimum  by  careful  control  in  the 
manufacture  and  storage  of  the  sensitized 
material. 


43  Carver,    Talbot,    and    Loomis,    J.    Soc.    Mot. 
Pict.  Eng.  41,  88    (1943). 


Dimensional  Stability.  The  dimensional 
changes  which  occur  in  any  photographic 
film  with  changes  in  humidity,  tempera 
ture,  age,  and  handling  are  extremely  com 
plex  and  are  the  result  of  a  number  of 
different  effects.  The  most  important  of 
these  may  be  classified  as  follows : 

A.  Temporary    or    reversible    dimensional 
changes 

1.  Humidity  expansion  and  contraction 
with   change   in  moisture   content 

2.  Thermal  expansion  and  contraction 
with  change  in  temperature 

B.  Permanent  or  irreversible  dimensional 
changes 

1.  Loss  of  residual  solvent  or  volatile 
material  other  than  moisture 

2.  Plastic  flow  of  the  base  under  the 
lateral  compression  of  the  emulsion, 
or  under  the  external  tension  of  a 
processing  machine,  for  example 

3.  Mechanical  relaxation   of  film  base 
which  has  been  stretched  in  manu 
facture 

The  approximate  dimensional  change 
characteristics  of  several  types  of  photo- 
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graphic  film  on  various  supports  are  given 
in  Table  11.2.  The  humidity  coefficient  of 
a  film  is  determined,  not  by  that  of  the 
base  alone,  but  also  by  the  kind  of  emul 
sion  and  the  gelatin/base  thickness  ratio. 
However,  films  on  the  moisture  resistant 
synthetic  resin  supports,  such  as  polysty 
rene  and  polyester,  have  only  about  ^  or  ^ 
the  humidity  coefficient  of  cellulose  ester 
base  films.  This  fact  alone  provides  one 
of  the  major  advantages  of  these  materials. 
Polyethylene  terephthalate  has  the  addi 
tional  advantage  of  a  low  thermal  coeffi 
cient  compared  with  other  films. 

The  permanent  shrinkage  with  age  of 
films  on  solvent-cast  supports  is  due  pri 
marily  to  the  gradual  loss  of  residual  sol 
vent  from  the  base.  This  type  of  shrink 
age  has  been  greatly  reduced  over  the 
years,  particularly  in  the  case  of  topo 
graphic  aerial  film  and  motion  picture 
negative  film.  Synthetic  resin  supports, 
made  by  melt  casting  without  the  use  of 
plasticizers  or  solvents,  are  free  of  this 
type  of  shrinkage.  However,  mechanical 
relaxation  shrinkage  does  occur,  especially 
in  polystyrene  base  which  cannot  be  heat- 
set  as  is  polyethylene  terephthalate.  Per 
manent  shrinkage  of  film  is  increased  by 
increase  in  storage  temperature  and  by 
extremes  of  relative  humidity. 

DAVIS  AND  STOVALL,  Dimensional  Changes  in 
Aerial  Photographic  Films  and  Papers, 
J.  Ees.  Nat.  Buy.  of  Stds.  19,  613  (1937). 

CALHOUN,  The  Physical  Properties  and  Di 
mensional  Stability  of  Safety  Aerographie 
Film,  Photogram.  Eng.  13,  163  (1947). 

FOEDYCE,  CALHOUN,  AND  MOTEB,  Shrinkage 
Behavior  of  Motion-Picture  Film,  J.  Soc. 
Mot.  Pict.  and  Tel  Eng.  64,  62  (1955). 

CENTA,  Performance  Characteristics  of  "Cro- 
nar"  Polyester  Photographic  Film  Base, 
Photogram.  Eng.  21,  539  (1955). 

UMBERGER,  The  Fundamental  Nature  of  Curl 
and  Shrinkage  in  Photographic  Films, 
Phot.  Sci.  and  Eng.  1,  69  (1957). 

CALHOUN  AND  LEISTER,  Effect  of  Gelatin  Lay 
ers  on  the  Dimensional  Stability  of  Photo- 


Effects  of  Temperature.  There  has  been 
an  increasing  demand  for  photography  at 
both  low  temperatures  and  high  tempera 
tures  in  recent  years.  Such  conditions  are 
found  in  the  exploration  of  the  extremities 
of  the  earth,  deep  oil  wells,  outer  space, 
and  various  other  scientific  work.  At  low 
temperatures,  brittleness  is  the  usual  phys 
ical  limitation  in  the  use  of  film.  Brittle- 
ness  increases  gradually  as  the  tempera 
ture  decreases,  but  there  is  no  specific 
temperature  below  which  film  cannot  be 
used.  It  should  be  noted  that  even  at 
temperatures  below  32°F.  moisture  present 
in  film  has  a  beneficial  effect  on  flexibility. 
Both  still  and  motion  picture  photography 
can  be  successful  at  temperatures  down  to 
—  60°F.  or  below,  provided  that  cameras 
are  winterized  (normal  lubricants  removed 
from  moving  parts)  and  that  sufficient 
care  is  taken.44'45 

At  elevated  temperatures,  film  gradually 
becomes  softer,  weaker,  and  more  easily 
distorted  either  by  the  emulsion  or  by  ex 
ternal  stresses,  but  there  is  no  single  criti 
cal  temperature  above  which  film  cannot 
be  used  because  of  physical  limitations. 
Photographic  recordings  of  instruments 
lowered  into  oil  wells  have  been  made  at 
temperatures  up  to  about  300°F.  How 
ever,  the  film  is  somewhat  distorted  in  even 
a  few  hours  at  this  condition,  and  most 
types  of  photography  are  limited  to  con 
siderably  lower  temperatures.  In  general, 
the  high-temperature  limit  is  determined 
by  photographic  deterioration  of  the  film 


44  Shirley,    J.    Soc.    Mot.    Pict.    Eng.    52,    19 
(1949);   and  Ind.  Phot.  6,  26   (1957). 
45Stobart,  British  Kinematog.  24,  36    (1954). 

graphic  Film,   Phot.   Sci.   and  Eng.    3,    8 
(1959). 

CALHOUN,  KELLER,  AND  NEWELL,  A  Method 
for  Studying  Possible  Local  Distortions  in 
Aerial  Films,  Photogram.  Eng.  26,  661 
(I960), 
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PIG.  11.7.     Diagram  of  plate  coating  machine.     (From  Baines,  British  Journal 

of  Photography.) 


which  can  occur  in  a  few  hours,  rather 
than  by  physical  weaknesses.46 

Glass  Plates,  Glass  for  photographic 
purposes  must  be  clear,  free  from  color, 
bubbles,  striae  and  other  imperfections, 
and  reasonably  flat. 

An  emulsion  coated  directly  on  glass  has 
a  tendency  to  frill  when  wet  or  to  strip  off 
when  dry.  The  surface  of  the  glass,  there 
fore,  must  first  be  treated  to  obtain  good 
adhesion  of  the  emulsion  layer.  The  glass 
substratum  ordinarily  consists  of  a  thin 
coating  of  gelatin  strongly  hardened  by 
chrome  alum,  or  chemical  etching  may  be 
employed. 

Glass  plates  are  coated  with  emulsion 
by  a  machine  (Fig.  11.7)  which  spreads 
a  thin  and  uniform  layer  of  emulsion  over 
the  glass  plates  as  they  are  conducted  past 
the  coating  apparatus  on  a  moving  belt. 
Several  coating  devices  have  been  de 
scribed  in  the  literature.  In  one  of  the 
earliest  machines  the  emulsion  simply 
flows  over  the  lips  of  a  long,  narrow  trough 
onto  the  glass  plate.  The  emulsion  must, 
of  course,  be  kept  at  a  suitable  tempera 
ture  in  order  that  it  may  flow  readily. 
In  another  machine  described  by  Cadett, 
the  arrangement  is  very  similar  except 
that  directly  behind  the  trough  from 
which  the  emulsion  issues  is  a  lightweight 


46Howell,  Phot.  Eng.  5,  248  (1954). 


roller  which  acts  as  a  spreader  and  smooths 
out  the  layer  of  emulsion  on  the  plates. 
In  still  another  machine,  described  by  B. 
J.  Edwards,  the  emulsion  was  contained  in 
a  long  trough  the  width  of  the  glass  to  be 
coated.  In  this  trough  a  glass  cylinder  is 
revolved.  A  scraper,  or  squeegee,  on  one 
side  of  the  cylinder  removes  the  emulsion 
carried  around  the  cylinder  and  allows  it 
to  drain  down  onto  the  glass  plate.47 

After  being  coated  with  the  emulsion, 
the  plates  are  carried  on  a  movable  belt 
through  a  cold  chamber  or  compartment 
in  which  the  emulsion  is  chilled  and  set  to 
a  gel.  Upon  reaching  the  end  of  the  con 
veyor  system,  the  plates  are  removed  and 
dried  under  controlled  conditions. 

Paper  Base.  Papers  for  photographic 
purposes  are  always  made  specifically  for 
such  use  from  either  rag  or  highly  purified 
wood  cellulose  fibers  to  ensure  maximum 
permanence  both  in  color  and  physical 
properties.  They  must  be  free  from  for 
eign  substances  and  impurities  which 
would  affect  the  emulsion  and  must  possess 
sufficient  strength,  both  wet  and  dry,  to 
withstand  the  action  of  acid  and  alkaline 
processing  solutions,  frequently  at  high 

47  Smith,  Eder's  Jahrbuch,  1892,  p.  385.  Ca 
dett,  B.P.  9,886  of  1886,  and  13,725  of  1887. 
Edwards,  Phot.  News  (1884),  p.  541.  Wentzel, 
Die  Chemi-Photographlsche  Industrie,  T.  Stein- 
kopff,  Dresden  and  Leipzig,  1926. 
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temperatures,  and  physical  handling  dur 
ing  and  after  processing. 

Paper  may  be  sensitized  directly  or 
coated  first  either  with  gelatin  "size"  coat 
or  a  baryta  (barium  sulfate)  layer  of 
varying  weight  and  thickness.  Such  coat 
ings  are  used: 

1.  To   provide  an   insulating   layer   be 
tween  emulsion  and  base,  thereby  minimiz 
ing  absorption  into  the  base. 

2.  To    improve   adhesion    and   facilitate 
uniform  coating  of  the  emulsion  on  the 
base. 

3.  To  control  the  surface.     For  a  high- 
gloss    surface,    a    heavy    application    of 
baryta  (up  to  60  grams  per  square  meter), 
often  applied  in  more  than  one  coat,  is 
used.     The  effect  is  further  enhanced  by 
passing  the  paper  between  polished  rolls 
under  high  pressure    (calendering).     For 
special    novelty    surfaces,     an     embossed 
marking  roll  may  be  used. 

4.  To  control,  through  the  addition  of 
dyes  or  pigments,  the  tint  or  color  of  the 
surface. 

Papers  for  photographic  bases  differ  in 
three  particulars:  (1)  weight  or  thickness, 

(2)  surface,  and  (3)  color. 
Depending  on  the  thickness  of  the  base, 

photographic  papers  are  usually  classified 
as    (1)    light   weight,    (2)    single   weight, 

(3)  medium    weight,    and     (4)     double 
weight,   and   cover  a   range   in   thickness 
from  0.0025  in.  to  0.015  in.     The  thinnest 
of  the  lightweight  grades  is  used  for  in 
strument  recording  work  where  maximum 
footage  in  small  diameter  rolls  is  impor 
tant  and  in  such  fields  as  document  and 
engineering   drawing  reproduction  where 
the    photographic   reproduction   is   to   be 
used   as  a  printing  master.     Lightweight 
grades   are   also   chosen   where   bulk  and 
weight    are    considerations   in   filing   and 
mailing  and  where  a  flexible  sheet  is  re 
quired  for  folding  or  constant  handling. 


Single  weight  paper  is  ordinarily  used  for 
small  prints  (e.g.,  snapshots)  or  for  prints 
to  be  mounted  to  solid  mounts.  Double- 
weight  papers  are  preferred  for  those  left 
unmounted  or  not  mounted  solidly. 

To  describe  the  surface  of  papers,  sub- 
classifications  "texture"  and  "brilliance" 
are  commonly  used.  Texture  covers  the 
smoothness  of  the  sheet  and  ranges  from 
descriptive  terms  such  as  "smooth" 
through  "pebbled"  or  "fine  grained"  to 
"silk"  and  "rough."  Brilliance  describes 
the  sheen  of  the  print  and  varies  from 
"glossy"  to  "matte."  Over  a  period  of 
time  many  intermediate  sheen  levels,  pre 
viously  called  "semi-gloss,"  "luster,"  and 
"semi-matte,"  have  generally  come  to  be 
called  "luster."  The  many  commercially 
available  photographic  papers  provide  the 
user  a  variety  of  combinations  of  texture 
and  brilliance  to  produce  the  desired  end 
effect  in  the  finished  print. 

The  usual  colors,  or  tints,  are  (1)  white, 
(2)  natural,  or  cream  white,  and  (3)  buff, 
also  known  as  old  ivory. 

Dimensional  Stability  of  Papers.  Pa 
per,  by  virtue  of  the  fact  that  it  is  pro 
duced  and  dried  under  lengthwise  tension 
on  the  paper  machine,  is  inherently  subject 
to  distortion  on  subsequent  wetting  and 
redrying.  It  is  also  obvious  that  the  ex 
pansion  and  contraction  during  such  a 
cycle  will  be  considerably  greater  in  the 
width  direction  since  the  paper  is  free  to 
shrink  markedly  in  the  width  direction 
during  the  paper-making  operation.  Pa 
per  used  as  a  base  for  photographic  emul 
sion  can  therefore  be  expected  to  expand 
in  the  width  direction  during  processing. 
The  change  in  the  length  direction  is  neg 
ligible. 

Following  processing,  normal  room- 
temperature  air  drying  will  allow  the 
paper  to  revert  reasonably  close  to  its 
original  size,  but  if  high-temperature  air 
is  used  it  will  shrink  below  the  original 
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dimensions  and  more  noticeably  in  the 
original  width  direction  across  the  paper 
machine.  If  the  paper  is  dried  under  ten 
sion,  as  for  example  between  belts  on  a 
mechanical  drier  or  on  a  hot  ferrotype 
drum,  the  expanded  size  of  the  wet  paper 
will  be  maintained  and  the  final  dried 
print  will  actually  be  larger  than  the  orig 
inal  unprocessed  sheet. 

In  addition  to  size  changes  during  proc 
essing  there  is  also  the  factor  of  humidity 
amplitude.  Paper,  being  essentially  a  mat 
of  cellulose  fibers,  is  readily  capable  of 
taking  on  or  losing  moisture  from  the  air, 
and  paper  dimensions  can  be  expected  to 
change  as  much  as  0.3%  for  each  10  per 
cent  rise  or  fall  in  relative  humidity. 

In  order  to  eliminate,  or  at  least  dimin 
ish,  the  effects  of  processing  and  humidity 
on  paper  dimensions,  efforts  have  been 
made  by  the  manufacturers  for  many 
years  to  produce  special  products  where 
the  paper  sheet  is  protected  from  mois 
ture.  Coatings  of  such  materials  as  cellu- 

ASA   Standards   PH  1.11-1958,   PH  5.2-1957, 
and  PH  1.12-1961. 


lose  nitrate,  cellulose  acetate,  or  cellulose 
acetate  butyrate  have  been  made  on  each 
side  of  the  sheet  either  by  coatings  from 
solvents  or  water  dispersions,  or  by  melt 
coating  techniques.  No  recognized  stand 
ards  for  dimensionally  stable  or  equiaxial 
papers  are  available,  but  some  govern 
mental  agencies,  particularly  the  armed 
forces,  require  products  of  this  type. 

None  of  the  coatings  to  date  has  pro 
duced  a  truly  waterproof  sheet  which  has 
absolute  dimensional  stability  under  all 
processing  and  humidity  conditions;  nor 
has  the  difference  between  length  and  cross 
direction  changes  been  entirely  eliminated. 
For  extremely  precise  work  even  film  may 
not  be  sufficiently  stable  and  glass  or  metal 
plates  must  be  used.  Water-resistant  pa 
pers  are  produced  especially  for  rapid 
processing  and  must  be  exposed  to  proc 
essing  solutions  and  wash  water  no  longer 
than  7  or  8  min.,  or  the  water-repellent 
layer  is  penetrated  thereby  losing  all  of 
the  advantage.  With  products  of  this 
type,  dimensional  stability  is  somewhat 
better  than  regular  papers  and  Is  sufficient 
for  some  mapping  and  graphic  arts  work. 


Chapter  72 

THE  SILVER  HALIDE  GRAIN,  THE  MECHANISM 
OF  EXPOSURE,  AND  THE  LATENT  IMAGE 


The  usefulness  of  present-day  photo 
graphic  materials  is  a  result  of  the  be 
havior  of  the  tiny  individual  particles  of 
silver  halide  which  are  contained  in  photo 
graphic  emulsions.  In  many  cases  these 
particles  are  extremely  sensitive  to  light 
and  store  up  the  effect  of  an  exceedingly 
small  amount  of  light.  This  effect  can,  in 
turn,  be  multiplied  manyfold  by  the  action 
of  a  developer.  This  stored-up  effect  of 
light  is  known  as  the  latent  image.  It  is 
so  small  that  it  cannot  be  detected  by  any 
means  other  than  by  development  itself. 
Consequently,  the  nature  of  the  latent  im 
age  and  the  nature  of  the  development 
process  are  closely  related.  Studies  of  the 
behavior  of  the  latent  image  under  differ 
ent  conditions  of  development  and  expo 
sure  and  its  reactions  with  certain  other 
chemicals  have  led  to  a  fairly  clear  con 
ception  of  its  nature  and  the  mechanism 
of  its  formation.  An  understanding  of 


these  processes  requires  a  knowledge  of  the 
structure  of  the  silver  halide  grains  them 
selves. 

THE   STRUCTURE  OF   THE   SILVER 
HALIDE  GRAINS 

The  methods  of  making  photographic 
emulsions  and  the  silver  halide  grains  that 
they  contain  have  been  discussed  in  Chap 
ter  10.  These  grains  are  minute  crystals 
of  silver  halide  completely  insulated  from 
each  other  by  gelatin.  All  emulsions  eon- 
tain  a  range  of  grain  sizes,  but  the  average 
within  a  given  emulsion  ranges  from  ex 
ceedingly  small — less  than  0.1  micron  in 
diameter — in  slow  emulsions  to  several 
microns  in  fast  negative-type  emulsions. 
A  photomicrograph  of  the  grains  of  a 
slow  positive  emulsion  is  shown  in  Fig. 
12.1;  one  for  a  fast  negative  emulsion,  in 
Fig.  12.2.  From  the  latter  it  can  be  seen 
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FIG.  12.1.     Photomicrograph  of  the  silver  hal-      FIG.  12.2.     Photomicrograph  of  the  silver  hal 
ide    crystals   of   a   positive   emulsion,    X  2500.      ide   crystals   of   a  negative   emulsion,    X  2500. 
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that  the  grains  are  thin  platelets  with  tri 
angular,  hexagonal,  and  a  variety  of  other 
shapes.  These  shapes  result  from  the  fact 
that  the  silver  halide  crystal  has  a  cubic 
lattice  structure.  This  structure  is  shown 
diagrammatically  in  Fig.  12.3.  Each  ion 
of  silver  is  surrounded  by  six  ions  of  hal 
ide,  and  vice  versa. 

One  face  of  this  structure  can  be  shown 
in  a  plane,  as  in  Fig.  12.4.  This  represents 
the  face  of  a  crystal.  In  an  actual  emul 
sion  the  surfaces  of  the  grains  are  not 
formed  in  this  manner  but  have  an  octa 
hedral  surface  in  which  all  of  one  kind  of 
ions  or  the  other  are  on  the  surface.  This 
makes  it  possible  for  two  types  of  crystals 
to  exist — those  which  have  all  silver  ions 
on  the  surface  and  those  which  have  all 
bromide  ions  on  the  surface.  Such  a  con 
dition  can  be  visualized  by  passing  a  plane 
through  Fig.  12.3  at  such  an  angle  that  it 
touches  either  all  of  one  kind  of  ions  or 
all  of  the  other.  These  types  of  crystals 
are  shown  in  Fig.  12.5.  An  additional 
condition  is  also  indicated  in  this  figure. 
The  silver  surface  grain  has  adsorbed  to  it 
an  excess  of  bromide  ions  with  their  as- 


Br 


Br 


(Ag)    Br K 


(Ag) 

Br 


K 


(Ag) 

Br 


K 


(Ag) 

Br 


K 


FIG.  12.3.     Diagram  of  the  cubic  lattice  of  sil 
ver  chloride  and  silver  bromide. 


FIG.  12.4.     Diagram  of  the  silver  bromide  lat 
tice   showing   potassium   bromide   adsorbed    to 
cubic  faces. 

sociated  potassium  ions.  The  potassium 
ions  are  free  to  wander  away  or  be  re 
placed  by  other  ions,  but  the  bromide  ions 
are  firmly  attached  so  that  the  crystal  has 
a  negative  charge  in  relation  to  the  rest 
of  the  solution.  This  condition  arises  when 
the  grain  is  formed  in  an  excess  of  halide 
ions  and  is  one  of  the  requirements  for  the 
formation  of  a  developable  latent  image. 
In  the  case  shown  in  Fig.  12. 5b  where  the 
grains  have  silver  adsorbed,  they  were 
made  in  the  presence  of  excess  silver. 
Such  grains  are  immediately  reduced  by 
the  action  of  a  normal  developer  even 
without  exposure. 

In  addition  to  the  adsorbed  bromide 
ions,  the  grains  in  an  emulsion  have  gelatin 
adsorbed  to  their  surfaces  as  well  as  sensi- 
tizer  dyes  and  a  variety  of  other  materials. 

Most  high-speed  emulsions  contain  a 
small  percentage  of  iodide.  In  such  cases 
the  iodide  ions  of  the  crystal  lattice  are 
haphazardly  spaced,  replacing  some  of  the 
bromide  without  any  essential  change  in 
the  type  of  crystal  lattice.  Silver  iodide 
itself  has  a  different  lattice  structure  but 
does  not  affect  the  silver  bromide  struc 
ture.  If  32%  or  more  of  iodide  is  present 
when  the  grains  are  formed,  two  types  of 
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(a)    Silver   ion    crystal   surface    with    ad 
sorbed  bromide  ion. 


(b)    Bromide  ion  crystal  surface  with  ad 
sorbed  silver  ion. 


FIG.  12.5.     Diagram  of  decahedral  faces  of  silver  bromide. 


grains  are  formed — those  composed  of  the 
bromide-type  lattice  structure  and  some 
grains  of  pure  silver  iodide.  No  commer 
cial  emulsions  contain  this  amount  of 
iodide.  Chlorobromide  emulsions  crystal 
lize  with  a  cubic  structure  with  the  chlo 
ride  and  bromide  haphazardly  distributed. 

In  addition  to  their  normal  crystal  struc 
ture,  the  grains  contain  certain  specks  of 
foreign  material  called  sensitivity  specks. 
These  specks  are  extremely  important  and 
will  be  taken  up  more  completely  later. 

Quantum-Mechanical  Description  of 
Crystal  Structure.  Recent  applications  of 
quantum  mechanics  to  the  study  of  crystals 
have  given  considerable  information  con 
cerning  the  behavior  of  crystals  of  silver 
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FIG.  12.6.     Quantum-mechanical  description  of 

the    energy    levels    occurring    in    a    crystal    of 

silver  bromide. 


halide.  This  method  describing  crystals 
specifies  the  energy  content  of  electrons  in 
the  crystal  and  also  the  possible  energy 
levels  which  electrons  might  have.  For 
example,  in  a  metal  there  is  a  certain  en 
ergy-level  band  which  is  broad  enough  and 
continuous  enough  so  that  electrons  can 
move  around  freely.  Furthermore,  there 
are  electrons  in  this  energy  level  under 
normal  circumstances.  These  electrons  are 
perfectly  free  to  move  and,  when  a  po 
tential  is  applied,  the  electrons  do  move 
and  thus  a  current  flows.  For  this  reason, 
metals  are  conductors.  The  situation  in 
nonconductors  such  as  crystals  of  silver 
halide  is  quite  different.  A  graphical  rep 
resentation  of  this  condition  is  shown  in 
Fig.  12.6.  The  crosshatched  band  labeled 
p  represents  the  energy  level  of  the  elec 
trons  related  to  the  ions  of  bromide.  This 
level  is  filled  with  electrons  and  they  are 
firmly  bound  so  that  they  cannot  move 
around  from  one  position  to  another.  The 
higher  level  marked  s  is  associated  with 
the  valence  electron  level  of  silver  and 
here  electrons  could  move  around  freely. 
However,  there  are  no  electrons  in  this 
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band  in  a  normal  crystal  of  silver  bromide. 
If  an  electron  were  put  in  this  energy 
band  by  some  outside  means  or  by  the  ad 
dition  of  a  certain  amount  of  energy  to  one 
of  the  electrons  in  the  p  band  it  could 
move  around  freely  through  the  crystal. 
The  usefulness  of  this  concept  is  explain 
ing  some  of  the  characteristics  of  silver 
halide  and  the  latent  image  will  be  taken 
up  later. 

REACTIONS  OF  THE  SILVER  HALIDES 
WITH  LIGHT 

As  was  explained  earlier,  light  is  a  form 
of  electromagnetic  wave  energy  which  oc 
curs  in  small  units  called  quanta.  When 
a  quantum  of  light  strikes  an  object,  any 
one  of  three  things  may  happen.  It  may 
be  reflected,  it  may  be  transmitted,  or  it 
may  be  absorbed.  When  the  light  is  ab 
sorbed  it  is  converted  to  some  other  type 
of  energy;  it  is  changed  into  heat  or  may 
cause  some  reaction  to  take  place.  In 
such  photo  reactions  it  is  only  the  light 
that  is  absorbed  which  is  effective,  and  not 
that  which  is  transmitted  or  reflected. 

A  number  of  the  reactions  that  can  be 
caused  by  the  absorption  of  light  have  been 
explained  in  an  earlier  chapter.  Those 
which  silver  halide  undergoes  are  of  inter 
est  in  the  study  of  the  latent  image. 

Photoelectric  Effect,  When  light  of  the 
proper  wave  length  and  energy  content 
is  absorbed  by  certain  crystals,  electrons 
are  ejected  from  the  surface  of  the  crys 
tal.  This  is  the  principle  on  which  ordi 
nary  photoelectric  tubes  operate.  If  the 
material  is  in  a  vacuum,  the  emitted  elec 
trons  can  be  collected  by  means  of  an 
applied  voltage.  A  measure  of  the  cur 
rent  obtained  is  a  measure  of  the  photo 
electric  effect,  or,  after  this  has  been  estab 
lished,  is  a  measure  of  the  amount  of  light 
which  has  been  absorbed. 

Silver  bromide  exhibits  the  photoelectric 
effect  to  a  certain  extent.  In  the  early 


days  of  photographic  science  it  was 
thought  that  this  might  be  the  mechanism 
of  latent-image  formation.  However,  an 
accurate  measurement  of  the  wave  length 
of  the  light  which  will  cause  the  ejection 
of  electrons  from  silver  chloride,  silver 
bromide,  and  silver  iodide a>  2  has  shown 
that  the  effect  is  not  caused  by  visible  light 
at  all,  but  only  by  much  higher  energy 
ultraviolet  radiation.  This  can  be  taken 
as  evidence  that  latent-image  formation, 
which  can  be  caused  by  visible  light,  is 
not  related  to  the  photoelectric  effect. 

Photolysis,  Photolysis  of  silver  halide 
is  the  decomposition  of  silver  halide  by 
light.  The  reaction  that  takes  place  can 
be  written  as  follows: 

2  AgBr  +  light  =  2   Ag  +  Br2 

The  reaction  is  much  more  efficient  if  it 
takes  place  in  surroundings  that  will  re 
move  the  halogen  which  is  formed,  for 
otherwise  the  reaction  tends  to  proceed  in 
the  opposite  direction  to  use  up  some  of 
the  silver  that  is  formed.  The  reaction 
in  the  presence  of  water,  which  acts  as  a 
halogen  acceptor,  can  be  written  as  fol 
lows: 

2  AgBr  +  H20  +  light 

=  2  Ag  +  Br-  4-  OBr-  +  2  H+ 

Mutter3  studied  photolysis  under  a  va 
riety  of  conditions  and  found  that  in  the 
presence  of  nitrite,  an  excellent  halogen 
acceptor,  the  reaction  may  proceed  with 
a  quantum  efficiency  of  one.  This  means 
that  for  every  quantum  of  light  absorbed, 
one  atom  of  silver  is  formed. 

This  type  of  reaction  is  made  use  of 
in  ordinary  print-out  proof  papers.  The 
silver  image  is  produced  directly  by  light 
so  that  fairly  long  exposures  are  required. 


i Fleischmann,  Ann.  Phys.   5,   73    (1930). 
2  Toy,  Edgerton,  and  Vick,  Phil  Mag.  43,  482 
(1927). 
s  Mutter,  Z.  wiss.  PJioj.  26,  193    (1939). 
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The  process  is  made  as  efficient  as  pos 
sible  by  having  an  excess  of  silver  on  the 
grains  which  acts  as  a  halide  acceptor. 
Even  so,  free  chlorine  is  formed  and  can 
be  detected  by  its  odor  if  a  print-out 
paper  is  exposed  to  a  very  intense  light. 

The  relative  efficiency  of  different  wave 
lengths  of  light  in  producing  the  print 
out  effect  is,  in  general,  the  same  as  the 
spectral  sensitivity  distribution  for  latent- 
image  formation.  This  is  evidence  that 
the  mechanisms  of  the  two  are  related. 

Internal  Photoelectric  Effect — Photo 
voltaic  Effect — Photoconductance.  When 
two  similar  silver-silver  bromide  electrodes 
are  electrolytically  connected  and  one  of 
the  electrodes  is  exposed  to  light,  a  po 
tential  is  developed.4  This  is  called  the 
photovoltaic  effect.  The  exposed  electrode 
becomes  negative  in  relation  to  the  dark 
electrode,  indicating  that  the  electrons 
within  the  silver  bromide  which  are  re 
leased  by  the  exposure  to  light  migrate 
into  the  adjacent  silver.  The  investiga 
tions  of  this  phenomenon  were  made  with 
light  of  such  a  wave  length  that  no  elec 
trons  could  be  ejected  from  the  halide 
by  the  normal  external  photoelectric  effect, 
indicating  that  the  electrons  were  released 
within  the  halide. 

Another  phenomenon  which  results  from 
the  internal  release  of  electrons  in  silver 
halide  crystals  is  known  as  photoeonduct- 
ance.  When  silver  bromide  crystals, 
which  are  normally  extremely  weak  con 
ductors,  are  exposed  to  light,  an  electric 
current  will  pass  through  the  crystal  if  the 
proper  voltage  is  applied.  Toy 5  investi 
gated  the  effects  of  various  wave  lengths 
of  light  in  producing  the  photoconductance 
effect  and  found  that  it  closely  paralleled 


the    spectral    sensitivity    for    latent-image 
formation. 

THE  NATURE  OF  THE  LATENT  IMAGE  AND 
ITS  FORMATION 

Since  the  beginning  of  photography, 
workers  in  the  field  have  speculated  as 
to  the  nature  of  the  photographic  latent 
image  and  its  formation.  A  large  amount 
of  experimental  work  has  been  done  in  the 
study  of  this  phenomenon  so  that  at  pres 
ent  a  fairly  clear  picture  of  its  nature 
has  been  established.  This  differs  quite 
considerably  from  some  of  the  earlier 
theories. 

Carey  Lea  6  suggested  that  the  exposure 
to  light  formed  a  subhalide  of  silver  such 
as  AgmCln  in  which  m  is  larger  than  n.  It 
was  assumed  that  this  subhalide  was  more 
easily  affected  by  a  developer  than  ordi 
nary  silver  chloride.  This  theory  was 
quite  widely  accepted  before  1900,  and  a 
good  deal  of  work  was  done  in  an  at 
tempt  to  prove  the  existence  of  such  a 
subhalide,  but  without  success. 

Bredig  7  suggested  that  a  grain  was  dis 
integrated  to  a  number  of  much  smaller 
grains  whose  solution  pressure  would  cause 
development.  Bose 8  suggested  a  vibratory 
strain  which  raised  the  grains  to  a  higher 
energy  and  made  them  developable.  Hur- 
ter  and  Driffield,9  Chapman  Jones,10  and 
Namias 1X  suggested  a  change  of  state  of 
the  silver  halide  as  a  result  of  exposure, 
such  as  a  polymerization,  depolymeriza- 
tion,  or  conversion  to  a  metastable  state. 


4  Vanselow  and  Sheppard,  Pt.  I,  J.  Phys.  Chem. 
33,  331   (1929).     Sheppard,  Vanselow,  and  Hall, 
Pt.  II,  ibid.  33,  1403. 

5  Toy,  Nature  120,  441    (1927). 


e  Lea,  Am.  J.  Sci.  37,  476    (1899)    (3).     Lea, 
ibid.  33,  349   (1887)   (3). 

7  Bredig,  Eder's  Jahrbuch.  13,   357    (1899). 

s Bose,  Pilot.  J.  42,  146   (1902). 

QHurter  and  Driffield,  Phot.  J.  22,  145   (1898). 

10  Jones,    Chapman,    Science    and    Practice    of 
Photography,    4th    Ed.,    p.    383,    Iliffe    and    Sons 
Ltd.,   London,    1904. 

11  Namias,  Phot.  Korr.  42,  155   (1905). 
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As  recently  as  1930  Weigert 12  suggested 
a  micelle  theory  of  the  latent  image  as  a 
result  of  his  experiments  on  induced  opti 
cal  anisotropy.  According  to  his  theory 
the  latent  image  is  formed  from  physically 
changed  micelles,  dense  yet  amorphous  ag 
gregates  of  molecules  of  all  constituents  of 
the  emulsion,  the  original  silver,  dye,  silver 
sulfide,  and  the  silver  halide  itself.  The 
change  upon  exposure  to  light,  which  rep 
resents  a  spatial  orientation  of  the  micelle 
elements,  corresponds  simultaneously  to  an 
increased  catalytic  activity  toward  the  de 
veloper. 

Schwarz13  advanced  the  surface  dis 
charge  theory.  According  to  his  views  the 
exposure  to  light  was  supposed  to  shift 
electrons  from  the  surface  of  the  grains 
into  their  interior  so  that  the  negative 
charge  on  the  surface  was  decreased,  mak 
ing  the  grain  more  easily  attacked  by  the 
developer.  Hanson  and  Evans  14  believed 
that  a  slight  modification  of  this  theory 
was  adequate  to  explain  a  number  of  the 
characteristics  of  the  latent  image.  It  is 
well  known  that  halide  grains  prepared  in 
the  excess  of  halide  rather  than  silver  ions 
are  essential  for  the  formation  of  the  latent 
image,  but  the  work  of  James  15  has  shown 
that  the  direct  influence  of  the  surface 
charge  on  developability  is  of  secondary 
importance. 

More  recently  Huggins  16  has  suggested 
that  the  effect  of  light  is  to  convert  a  grain 
or  a  portion  of  a  grain  of  silver  bromide 
from  the  cubic  lattice  structure  to  the  B3, 
or  cubic  zinc  sulfide,  structure.  This  struc 
ture  is  stabilized  by  the  presence  of  excess 
electrons,  a  higher  energy  state,  and  would 


12  Weigert,  Z.  wiss.  Phot.  29,  191  (1930);  Pt. 
II,  ibid.  30,  217  (1931). 

is  Schwarz,  Phot.  Korr.  69,  27  (1933),  Beilage 
5. 

14  Evans  and  Hanson,  Phot.  J.  77,  497    (1937). 

is  James,  J.  Phys.  Chem.  43,  701   (1939). 

16  Huggins,  J.  Chem.  Phys.  11,  412    (1943). 


presumably  be  developable.  This  theory 
has  never  received  a  great  deal  of  atten 
tion. 

All  these  theories,  which  have  been  pre 
sented  in  a  chronological  order,  have  one 
thing  in  common :  they  all  assume  that  the 
substance  of  the  latent  image  is  something 
other  than  metallic  silver.  In  many  in 
stances  they  have  resulted  from  experi 
mental  data  which  could  not  be  as  easily 
explained  at  the  time  by  other  mechanisms. 
In  some  cases  they  have  been  advanced 
with  the  aim  of  encouraging  further  experi 
mentation.  The  fact  that  present  knowl 
edge  leads  overwhelmingly  to  the  conclu 
sion  that  the  latent  image  is  metallic  silver 
and  that  most  of  the  workers  in  the  field 
accept  this  hypothesis  does  not  detract 
from  the  value  of  these  theories  in  their 
contributions  to  the  present  knowledge  of 
the  photographic  latent  image  and  its  for 
mation. 

Silver  Speck  Theory.  Since  the  discov 
ery  that  the  action  of  light  on  the  silver 
halides  was  to  form  metallic  silver  it  was 
logical  to  assume  that  the  substance  of  the 
latent  image  was  metallic  silver  itself. 
Such  a  theory  has  been  held,  of  course, 
for  a  long  time.  The  major  work  which 
has  been  done  in  relation  to  this  theory 
is  that  involved  in  determining  the  mech 
anism  of  the  formation  of  the  silver,  its 
distribution  on  or  in  the  grains,  and  the 
nature  of  the  development  process  whereby 
the  presence  of  a  bit  of  silver  makes  a 
grain  developable. 

The  behavior  of  the  latent  image,  when 
treated  with  certain  chemicals,  leads  to 
some  knowledge  as  to  its  nature.  It  can 
be  destroyed  by  the  action  of  oxidizing 
agents  which  should  have  sufficient  oxida 
tion  potential  to  oxidize  metallic  silver. 

Physical  development  of  an  exposed 
emulsion  leads  to  further  information.  A 
physical  developer  is  a  solution  composed 
of  a  weak  reducing  agent  and  a  soluble 
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salt  of  silver.  The  weak  reducing  agent  is 
not  powerful  enough  to  reduce  the  grains 
of  an  emulsion  but  can  slowly  reduce  a 
silver  salt  in  solution.  Metallic  silver 
speeds  up  the  reduction  of  the  silver  salt. 
An  exposed  emulsion  can  easily  be  devel 
oped  in  such  a  developer.  This  is  evidence 
that  the  exposure  has  produced  silver.  In 
fact,  such  development  can  be  carried  out 
after  the  emulsion  is  fixed.  Bullock  17  has 
investigated  the  amount  of  exposure  that 
is  required  for  both  pre-  and  post-fixation 
physical  development.  It  was  found  that  a 
greater  exposure  was  required  than  for  a 
normal  type  of  development.  This  might 
be  taken  as  evidence  that  the  image  for 
physical  and  that  for  chemical  developers 
is  not  exactly  identical,  so  it  does  not 
prove  beyond  a  shadow  of  a  doubt  that 
the  latent  image  for  normal  development  is 
metallic  silver. 

Koch  and  Volger  1S  studied  the  crystal 
structure  of  exposed  silver  bromide  by  the 
X-ray  diffraction  method  and  found  evi 
dence  of  the  metallic  silver  crystal  lattice 
in  addition  to  the  silver  bromide  lattice. 
After  fixing,  only  the  silver  lattice  struc 
ture  remained. 

Development  Centers.  In  1917,  Hodg 
son  19  studied  the  process  of  development 
by  stopping  the  development  before  a  vis 
ible  image  had  formed  and  examining  the 
grains  under  the  microscope.  A  number  of 
specks  were  visible  on  the  grains,  indicat 
ing  that  the  development  had  started  at 
discrete  points.  It  was  observed  that  on 
continued  development  a  grain  which  con 
tained  these  specks  developed  to  comple 
tion  and  that  the  development  continued 
by  the  growth  in  size  of  these  specks,  not 
by  the  continued  formation  of  new  specks 


all  over  the  grains.  This  observation  orig 
inated  the  idea  of  development  centers. 

It  was  later  shown  by  the  use  of  the 
electron  microscope,  with  which  magnifica 
tions  up  to  50,000  times  were  obtained, 
that  exposure  of  silver  bromide  forms  dis 
crete  specks  of  silver.  However,  the  ex 
posure  level  which  formed  detectable  silver 
specks  was  much  greater  than  is  required 
for  latent-image  formation. 

The  presence  of  these  development  cen 
ters  leads  to  several  possibilities  as  to  the 
formation  of  the  latent  image :  the  light 
may  be  absorbed  in  specks,  the  effect  of 
overall  absorption  is  concentrated  into 
specks,  or  simply  the  development  must 
start  somewhere.  In  any  case  it  leads  to 
the  conclusion  that  the  specks  are  already 
present  on  the  grains  of  an  emulsion. 

Sensitivity  Specks.  The  presence  of 
"sensitivity  specks77  of  silver  sulfide  on 
the  silver  halide  grains  of  an  emulsion  was 
discovered  by  Sheppard.20 

Clark21  assumed  that  sensitivity  specks 
are  silver  sulfide;  then  oxidizing  agents 
which  would  attack  metallic  silver,  but  not 
silver  sulfide,  could  be  used  to  destroy  the 
latent  image  without  much  effect  on  sensi 
tivity.  Treatment  in  such  oxidizing  agents 
had  a  much  larger  effect  on  sensitivity  than 
was  predicted,  and  he  concluded  that  the 
sensitivity  specks  must  contain  some  metal 
lic  silver  as  well  as  silver  sulfide.  How 
ever,  some  doubt  was  thrown  on  this  con 
clusion  by  Sheppard,22  who  showed  that 
the  size  of  the  particles  of  silver  sulfide 
would  have  a  great  influence  on  the  attack 
of  oxidizing  agents — the  smaller  the  speck, 
the  more  easily  it  was  attacked. 


i?  Bullock,  Chemical  Eeactions  of  the  Photo 
graphic  Latent  Image,  Eastman  Kodak  Co., 
Rochester,  N.  T.,  1927. 

is  Koch  and  Volger,  Ann.  Phys.  77,  495  (1925). 

19  Hodgson,  J.  Franklin  Inst.  184,  705   (1917), 


20  Sheppard,  Phot.  J.  65,  380  (1925).     Sheppard 
and   Hudson,   Ind.  Eng.   Chem.}  Anal.   Ed.   2,    73 
(1930). 

21  Clark,  Brit.  J.  Phot.  74,   227,  243    (1927). 

22  Sheppard,  Brit.  J.  Phot.  75,  207  (1928).     (A 
letter  to  the  editor.) 
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The  work  just  discussed  has  not  only 
established  that  the  grains  in  an  emulsion 
contain  definite  "sensitivity  specks"  and 
that  the  development  begins  at  discrete 
specks,  but  has  established  fairly  well  the 
nature  of  these  specks.  It  has  not,  how 
ever,  given  any  information  as  to  the 
manner  in  which  the  specks  enhance  sensi 
tivity  and  concentrate  the  latent  image. 
That  their  effect  is  not  a  result  of  the  ab 
sorption  of  light  by  the  specks  themselves 
can  be  established  quite  easily  by  a  study 
of  the  spectral  sensitivity  distribution  of 
a  variety  of  emulsion  types.  The  spectral 
sensitivity  distribution  of  emulsions  of  sil 
ver  chloride,  silver  bromide,  or  of  bromo- 
iodide  is  closely  related  to  the  spectral 
absorption  distribution  of  the  particular 
crystals.  This  is  true  even  after  the  grains 
have  been  treated  with  an  oxidizing  agent 
which  destroys  the  specks  and  decreases 
the  total  sensitivity  by  a  large  factor.  Ac 
cording  to  the  laws  of  photochemical  reac 
tions,  a  reaction  can  be  caused  only  by 
light  which  is  absorbed.  Since  it  is  very 
unlikely  that  the  spectral  absorption  char 
acteristics  of  the  sensitivity  specks  for  the 
different  types  of  emulsions  would  be  simi 
lar  to  the  absorption  of  the  crystals  them 
selves,  we  may  conclude  that  it  is  absorp 
tion  of  light  by  the  crystals  themselves, 
not  the  sensitivity  specks,  which  forms 
the  latent  image. 

This  leaves  open  the  question  as  to  the 
mechanism  whereby  the  specks  increase 
speed  and  concentrate  the  effects  of  the 
exposure  to  light.  Toy23  concluded  that 
"the  function  of  the  traces  of  foreign  mat 
ter  at  the  centers  is  to  facilitate,  eatalyti- 
cally,  the  decomposition  by  light."  How 
ever,  since  the  presence  of  the  specks  does 
not  change  the  spectral  sensitivity  distri 
bution  and  since  the  quantum  equivalence 


law  of  photochemical  reactions,24  as  pro 
pounded  by  Einstein 25  had  been  shown  to 
hold  for  the  photolysis  of  silver  halide, 
Sheppard,  Trivelli,  and  Loveland26  state 
that  (1)  the  relative  spectral  sensitivity, 

(2)  the  number  of  quanta  absorbed,  and 

(3)  the  number  of  silver  atoms  formed  per 
quantum  of  light  absorbed  were  not  af 
fected  by  the  presence  of  the  sensitivity 
specks.     From  these  ideas  they  developed 
the  concentration  speck  theory  of  the  la 
tent  image  which  assumed  that  the  func 
tion  of  the  sensitivity  centers  is  to  "con 
centrate  the  silver  atoms  reduced  by  the 
light   absorbed   by   the    silver    bromide." 
Although  the  specific  mechanism  by  which 
the  specks  concentrated  the  silver  was  not 
established,  it  was  assumed  that  the  silver 
atoms  which  were  formed  by  light  would 
collide  with  the  specks  and  remain  there  so 
that  the  specks  would  grow  in  size  during 
exposure  and  would  reach  a  critical  size 
which  would   make   a   grain   developable. 
This  fitted  in  completely  with  the  sensitiz 
ing  action  of  the  specks. 

Later  data  have  given  evidence  that 
the  formation  of  the  latent  image  is  a  two- 
stage  process  in  which  the  light  energy 
absorbed  is  transferred  to  an  electron  and 
later  results  in  the  formation  of  metallic 
silver.  If  the  energy  is  lost  by  the  electron 
before  metallic  silver  is  formed,  the  actual 
amount  of  silver  formed  by  the  absorption 
of  a  given  amount  of  light  could  be  a  func 
tion  of  other  circumstances  such  as  the 
presence  of  a  speck,  without  the  Einstein 
quantum-equivalence  law  Js  being  disobeyed. 
These  later  data  have  resulted  in  a  modifi 
cation  of  the  concentration  speck  theory, 


23  Toy,  Trans.  Farad.  Soc.  19,  290  (1923). 


24  This  law  applies  to  the  primary  product  of 
photo -reactions.       Secondary    products     may     be 
formed  in  greater  or  smaller  amounts. 

25  Einstein,    Ann.    Phys.    37,    832,    IV    (1912). 
Einstein,  ibid.  38,  881. 

26  Sheppard,  Trivelli,  and  Loveland,  J.  Franklin 
Inst.  200,  51    (1925). 
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but  this  theory  was  a  great  contribution  to 
the  advancement  of  the  knowledge  of  la 
tent-image  formation  and  in  its  general 
form  has  stood  up  until  the  present  time. 

Gurney-Mott  Theory  of  Latent-Image 
Formation.  Recent  advances  in  quantum 
mechanics  and  the  application  of  these 
principles  to  the  structure  and  behavior  of 
crystals  have  contributed  a  great  deal  of 
knowledge  to  the  problems  of  latent-image 
formation.  Webb  2T  first  applied  the  prin 
ciples  of  quantum  mechanics  to  an  ex 
planation  of  the  formation  of  the  latent 
image.  Following  the  work  of  Gurney,28 
which  explained  the  coloration  of  crystals 
of  the  alkali  halides,  and  the  quantum- 
mechanical  explanation  of  the  photocon- 
ductance  effect  in  silver  bromide,  Webb  de 
scribed  the  latent  image  as  a  concentration 
of  electrons  at  a  speck,  or  trap.  The  elec 
trons  were  supposed  to  be  transferred  to 
a  higher  energy  level  by  the  absorption  of 
light  and  in  this  energy  level  they  could 
wander  through  the  crystal  at  will  as  in 
the  photoconductance  effect.  The  sensi 
tivity  specks  were  supposed  to  contain  en 
ergy  levels  slightly  lower  than  this  con 
ductance  level,  so  that  when  an  electron 
traveled  to  such  a  speck  it  gave  up  a  bit  of 
energy  in  going  to  this  new  level  and  was 
trapped.  This  gave  an  excellent  explana 
tion  of  the  speck  concentration  of  the  ef 
fect  of  absorbed  light  but  was  at  variance 
with  the  formation  of  metallic  silver  as 
latent-image  substance. 

Gurney  and  Mott29  presented  a  theory 
for  the  photolytic  formation  of  silver  from 
silver  halide  as  follows :  the  energy  struc 
ture  of  a  crystal  of  silver  halide  can  be 
described  as  in  Fig.  12.6.  The  silver  and 
bromide  represent  the  silver  and  bromide 
ions  which  are  present  alternately  in  a 


crystal.  The  crosshatched  area  labeled  p 
represents  the  energy  level  of  the  electrons 
connected  with  the  bromide  ions.  This 
energy  band  is  filled  and  electrons  cannot 
move  around  in  it.  The  clear  energy  band 
labeled  5  represents  the  energy  level  cor 
responding  to  the  conductance  level  in  me 
tallic  silver.  In  a  crystal  of  silver  halide 
all  the  valence  electrons  are  associated  with 
the  bromide  ions  and  none  with  the  silver, 
so  that  this  band  is  empty.  Electrons  can 
not  have  energy  represented  by  the  areas 
not  included  by  these  two  bands.  The 
photoconductance  phenomenon  can  be  ex 
plained  by  this  diagram.  When  light  is 
absorbed,  its  energy  is  transferred  to  one 
of  the  electrons  in  the  p  band  and  the 
electron  is  lifted  up  to  the  s  band  where  it 
is  free  to  wander  around  just  as  the  con 
ductance  electrons  flow  around  in  metallic 
silver.  If  a  voltage  is  applied  to  a  crystal 
while  it  is  illuminated,  the  electrons  which 
are  lifted  into  the  s  band  by  light  will  flow 
to  the  positive  pole,  causing  conductance. 
Studies  of  photoconductance  have  shown 
that  the  current  increases  with  increasing 
voltage,  even  at  constant  illumination,  un 
til  a  certain  value  is  reached  beyond  which 
the  current  is  unaffected  by  voltage,  only 
by  the  intensity  of  light.  This  has  been 
taken  to  indicate  that  some  of  the  electrons 
in  the  5  band  get  caught  by  some  means 
before  they  reach  the  electrode.  This  can 
be  explained  by  the  energy-level  structure 
of  metallic  silver  itself.  This  is  shown  in 
Fig.  12.7.  If  the  lowest  energy  level  in  the 
conduction  level  of  the  silver  bromide  is 
higher  than  the  lowest  filled  level  in  the 
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27  Webb,  J.  Opt.  SOG.  Amer.  26,  367   (1936). 
2sGurney,  Proc.  Royal  Soo.  A141,  209   (1933). 
29  Gurney  and  Mott,  Proc.  Royal  SOG.  164A,  151 
(1938). 
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FIG.  12.7.     Relation    between    energy    level    in 
the  silver  bromide  conduction  band  and  in  me 
tallic  silver. 
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conduction  band  of  metallic  silver,  an  elec 
tron  passing  from  silver  bromide  to  a  speck 
of  silver  would  give  up  a  small  amount  of 
energy  and  be  trapped.  Thus,  atoms  or 
specks  of  metallic  silver  might  be  the  traps 
which  prevent  the  electrons  from  reaching 
the  positive  pole  when  too  low  a  voltage  is 
applied. 

Another  concept  which  was  applied  to 
the  theory  of  photolysis  by  Gurney  and 
Mott  was  the  presence  of  interstitial  ions  in 
a  crystal  lattice.  A  perfect  crystal  would 
contain  a  uniform  spacing  of  ions  as  shown 
on  page  181.  However,  it  has  been  found 
that  in  many  cases  crystal  contains  some 
ions  which  are  not  in  their  proper  place, 
but  in  the  interstitial  positions.  Presum 
ably  these  are  caused  by  thermal  motion  of 
the  ions  in  the  crystals.  This  condition  is 
shown  in  Fig.  12.8.  These  ions  and  their 
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FIG.  12.8.     Interstitial  silver  ions  in  the  silver 
bromide  lattice. 

movement  through  the  crystal,  either  by 
going  from  one  interstitial  position  to  an 
other  or  by  moving  to  one  of  the  holes 
which  has  been  left  by  another  interstitial 
ion,  account  for  the  very  small  electrical 
conductivity  of  crystals  in  the  dark.  These 
ions  might  be  considered  as  being  in  solu 
tion  in  a  crystal  just  as  a  salt  is  dissolved 
in  water.  The  conductivity  of  such  crys 
tals  follows  the  same  laws  as  the  conduc 
tivity  of  ionized  salt  solutions.  This  con 
ductivity  decreases  with  decreasing  tem 
perature. 

Gurney  and  Mott  also  assumed  that  sil 
ver  bromide  contains  particles  of  colloidal 
silver. 

These   concepts   and   assumptions   were 


combined  to  give  the  following  hypothesis : 
when  such  crystals  are  exposed  to  light 
some  electrons  are  elevated  to  the  higher 
conductance  band  and  on  wandering 
around  come  in  contact  with  a  speck  of 
silver  and  are  trapped.  This  charges  the 
speck  negatively,  and  this  negative  charge 
attracts  some  of  the  interstitial  ions  of 
silver  which  migrate  to  the  specks  and  are 
neutralized  by  the  electron  to  form  an 
atom  of  silver  which  is  attached  to  the 
speck  already  present.  This  mechanism 
affords  a  complete  explanation  of  how  the 
effect  of  light  which  is  absorbed  all  over 
the  crystal  can  be  concentrated  at  discrete 
specks. 

In  order  to  apply  this  theory  to  the 
formation  of  a  latent  image  as  well  as  to 
the  photolytie  formation  of  metallic  silver 
it  is  necessary  to  postulate  that  the  sensi 
tivity  specks,  silver  sulfide,  or  whatever 
their  complete  composition  might  be,  can 
serve  the  same  function  as  the  colloidal 
silver  specks ;  i.e.,  they  can  act  as  traps  for 
electrons  in  the  conductance  level  of  the 
crystal. 

Experimental  Support  for  the  Gurney- 
Mott  Theory.  Such  a  clearly  defined 
mechanism  for  latent-image  formation  sug 
gests  the  possibility  of  a  number  of  experi 
ments  which  could  support  or  disprove  the 
theory.  A  number  of  experiments  aimed 
at  separating  the  primary  (electron  trap 
ping)  and  secondary  (wandering  of  silver 
ions  to  make  metallic  silver)  process  have 
been  performed  by  Berg  and  Mendels 
sohn  30  and  by  Webb  and  Evans  31  who  in 
vestigated  the  effect  of  exposures  at  low 
temperature.  The  H  and  D  curves  of  a 
normal  emulsion  exposed  at  room  tem 
perature  and  at  temperatures  of  liquid 
air  are  shown  in  Fig.  12. 9a.  The  low- 
so  Berg  and  Mendelssohn,  Proc.  Royal  Soc. 
168A,  168  (1938). 

si  "Webb  and  Evans,  /.  Opt.  Boo.  Amer.  28,  249 
(1938). 
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PIG.  12.9.     The  effect  of  interrupted  exposures  at  low  temperature. 
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temperature  exposure  gives  very  little  den 
sity.  However,  if  the  film  is  given  only 
half  the  exposure  at  the  low  temperature, 
then  warmed  up,  then  cooled  again  and 
given  the  other  half  of  the  exposure,  much 
more  density  is  obtained  as  shown  in  Fig. 
12. 9b.  Increasing  numbers  of  interrup 
tions  to  the  exposure  with  a  warm-up  in 
between  each  interruption  lead  to  increas 
ing  density  as  shown  by  Fig.  12.9c  and  d. 
Webb  and  Evans  concluded  that  if  the 
exposure  were  interrupted  a  sufficient 
number  of  times  with  a  warm-up  in  be 
tween  each  interruption,  the  effect  of  the 
exposure  at  low  temperature  would  be 
identical  with  that  given  at  room  tempera 
ture.  This  effect  is  explained  as  follows: 
during  the  exposure  at  low  temperature 
the  electrons  are  lifted  to  the  conductivity 
band  where  they  can  wander  around  and 
some  of  them  are  trapped  at  the  centers. 
However,  at  the  low  temperature  the  in 
terstitial  silver  ions  cannot  wander  to  and 
neutralize  this  charged  speck.  The  charged 
speck  repels  other  electrons  so  that  they 
cannot  accumulate  at  the  specks  and  are 
finally  trapped  in  the  interior  of  the  grains 
or  give  up  their  energy  by  emitting  light 
(fluorescence)  and  dropping  back  into  the 
lower  energy  level.  In  fact,  when  silver 
bromide  is  exposed  at  low  temperatures  it 
does  fluoresce  with  a  green  glow.  When 
the  emulsion  is  warmed  up,  the  silver  ions 
can  wander  through  the  crystal  and  neu 
tralize  the  few  electrons  which  have  been 
trapped  at  the  specks,  and  a  small  amount 
of  metallic  silver  is  formed.  When  the  ex 
posure  is  interrupted  and  the  film  is 
warmed  up,  some  atoms  of  silver  are 
formed.  The  specks  are  no  longer  charged 
and,  upon  subsequent  cooling  and  expo 
sure,  a  few  more  electrons  can  be  trapped 
before  the  charge  becomes  sufficient  to 
repel  further  electrons.  These  data  fit  in 
perfectly  with  the  Gurney-Mott  theory  and 
demonstrate  that  the  primary  process,  the 
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PIG.  12.10.     H  and  D  curves  of  the  developed 

surface  latent  image  after  treatment  with  an 

oxidizing  bleaching  solution:  (1)  dilute  bleach, 

(2)   concentrated  bleach. 

release  and  trapping  of  electrons,  occurs 
at  low  temperatures  and  can  be  separated 
from  the  secondary  process,  the  wandering 
of  the  silver  ions  to  neutralize  the  trapped 
electrons,  which  cannot  occur  at  low  tem 
peratures. 

Distribution  of  the  Latent  Image.  The 
distribution  of  the  latent  image  on  the 
surface  and  in  the  interior  of  the  grains 
was  first  investigated  by  Kogelmann  in 
1894.  He  dissolved  away  the  surface  of 
the  grains  in  order  to  lay  bare  to  the  de 
veloper  the  latent  image  in  the  interior  of 
the  grains.  A  number  of  other  investi 
gators  have  studied  this  problem  during 
the  years.  Lainer  noticed  that  a  small 
amount  of  iodide  in  a  developer  caused  an 
increase  of  density,  or  effective  latent  im 
age,  and  it  was  later  assumed  by  Luppo- 
Cramer  that  this  was  due  to  the  cracking 
of  the  grains  by  the  iodide  entering  the 
crystal  lattice  to  replace  bromide.  A 
number  of  the  unusual  photographic  ef- 
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FIG.  12.11.    H  and  D  curves  of  the  developed 
internal   latent   image   after  treatment  with   a 
bleaching  solution:   (1)   dilute  bleach,  (2)   con 
centrated  bleach. 


fects,  such  as  reciprocity  failure,  the  Clay- 
den  effect,  and  others,  have  been  explained 
by  the  assumption  of  the  formation  of  a 
greater  or  lesser  amount  of  internal  latent 
image.  However,  it  was  not  until  1941 
that  an  adequate  technique  for  investi 
gating  the  internal  latent  image  was  estab 
lished.  Berg,  Marriage,  and  Stevens 32 
used  a  "surface"  developer  containing 
glycine  in  the  absence  of  sodium  sulfite  or 
any  other  silver  halide  solvent,  and  were 
able  to  obtain  good  separation  of  the  sur 
face  and  internal  latent  image.  In  order 
to  investigate  the  internal  latent  image  it 
was  necessary  to  destroy  the  surface  latent 
image.  This  was  accomplished  by  a  dilute 
solution  of  the  oxidizing  agent  potassium 


dichromate  in  the  presence  of  sulfuric 
acid.  It  was  necessary  to  establish  the 
concentration  of  these  ingredients  and  the 
time  of  treatment  for  each  emulsion  in 
vestigated  in  order  not  to  destroy  some 
of  the  internal  latent  image.  As  a  devel 
oper  for  the  internal  latent  image  after  the 
surface  image  had  been  destroyed  they 
used  a  developer  containing  hypo  to  act 
as  a  solvent  for  the  silver  bromide.  This 
solvent  action  made  the  internal  latent 
image  available  for  development.  Figures 
12.10  and  12.11  show  the  H  and  D  curves 
of  the  surface  and  internal  latent  images. 
This  procedure  was  used  in  investigating 
the  formation  of  latent  images  at  low 
temperatures.  The  results  obtained  are 
shown  in  Fig.  12.12.  As  can  be  seen  from 
the  figure,  the  surface  latent  image  re 
sulting  from  the  low-temperature  expo 
sure  is  quite  low,  in  agreement  with  the 
work  of  Webb.  However,  the  internal 
latent  image  resulting  from  the  low-tem 
perature  exposure  is  very  similar  in 
amount  to  the  internal  latent  image  re 
sulting  from  exposure  at  room  tempera 
ture.  This  result  indicates  that  the  re 
leased  electrons  are  trapped  at  internal 
specks. 
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32  Berg,    Marriage,    and    Stevens,    J.    Opt.    Soc. 
Amer.  31,  385    (1941). 


PIG.  12.12.     H  and  D  curves  for  surface  and 

internal  latent  images  exposed  at  high  and  low 

temperatures. 
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Kornfeld  33  also  presented  a  satisfactory 
method  for  separating  the  surface  and 
internal  latent  image. 

Mitchell's  Theory  of  Latent-Image  For 
mation.  Based  on  a  great  deal  of  his  own 
work  using  large  crystals  and  a  survey 
of  recent  studies  of  the  types  of  defects 
which  exist  in  crystals  of  the  silver  halides, 
Mitchell  34> 35  questioned  the  Gurney-Mott 
theory.  He  concluded  that  this  theory 
had  not  taken  sufficient  account  of  the  pos 
sibility  of  the  recombination  of  photo- 
released  electrons  with  the  positive  holes 
which  are  formed  at  the  same  time.  Al 
though  the  Gurney-Mott  theory  emphasizes 
the  importance  of  the  trapping  of  the 
photo-released  electrons  in  the  formation 
of  the  latent  image,  Mitchell  concluded 
that  more  emphasis  should  be  placed  on 
the  trapping  of  the  corresponding  positive 
holes  in  order  to  prevent  recombination 
of  the  positive  holes  and  the  photo-released 
electrons.  Mitchell  also  concluded  that  the 
number  of  interstitial  silver  ions  required 
by  the  Gurney-Mott  theory  did  not  exist 
in  the  grains  of  photographic  emulsions 
since  the  concentration  of  such  interstitial 
silver  ions  in  large  crystals,  as  determined 
by  conductance  measurements  made  by 
Ebert  and  Teltow,36  was  so  low  that  on 
the  average  there  would  be  no  interstitial 
silver  ions  in  the  volume  represented  by 
a  single  silver  halide  grain  in  an  emulsion. 

Mitchell  also  concluded  that  the  photo- 
released  electrons  could  only  be  trapped 
by  a  positively  charged  speck;  otherwise 
they  would  be  neutralized  by  recombina 
tion  with  positive  holes.  He  assumed  that 
positive  holes  are  more  mobile  than  inter 
stitial  silver  ions. 


33  Kornf  eld,  J.  Opt.  Soc.  Amer.  31,  598  (1941). 

3*  Mitchell  and  Mott,  Phil.  Mag.  2,  No.  21,  1149 
1957). 

35  Mitchell,  J.  Phot.  Set.  6,  No.  3,  57  (1958). 

se  Ebert  and  Teltow,  Ann.  Phys.  Lpst.  15,  (6), 
268  (1955). 


Thus,  with  these  premises  Mitchell  ar 
rived  at  the  following  model  for  latent- 
image  formation:  Upon  the  absorption  of 
a  quantum  of  light,  a  positive  hole  and 
a  photo-released  electron  are  formed.  The 
positive  hole  is  trapped  at  a  kink-site  or 
at  a  sensitivity  speck  in  the  crystal,  and 
the  trapping  of  this  positive  hole  liberates 
an  interstitial  silver  ion.  An  interstitial 
silver  ion  thus  formed  is  adsorbed  at  some 
type  of  kink  or  distortion  in  the  crystal 
structure,  and  this  positive  silver  ion  then 
traps  the  photo-released  electron.  This 
single  silver  atom  he  called  the  latent  pre- 
image.  Another  interstitial  silver  ion  re 
leased  by  the  trapping  of  a  positive  hole 
is  adsorbed  to  this  latent  pre-image,  and 
in  turn  this  silver  ion  traps  an  electron  to 
give  a  two-atom  speck  which  he  called  the 
latent  sub-image.  A  third  adsorbed  silver 
ion  followed  by  a  third  trapped  electron 
forms  the  latent  image.  In  this  series  of 
events  the  spot  which  becomes  the  latent 
image  is  either  positively  charged  or  neu 
tral  at  all  times,  and  is  never  negatively 
charged  and  thus  cannot  act  as  a  site  for 
recombination  of  an  electron  with  a  posi 
tive  hole. 

The  latent-image  speck  finally  formed 
may  itself  adsorb  a  silver  ion  and  be  posi 
tively  charged.  Such  a  positively  charged 
speck  may  accept  an  electron  from  a  de 
veloper  more  easily  than  a  neutral  speck 
and  thus  cause  an  increase  in  the  rate  of 
development. 

Latent-Image  Investigations  Using 
Pulsed  Exposures.  The  process  of  latent- 
image  formation  has  been  clarified  further 
in  a  number  of  studies  making  use  of 
pulsed  exposures.37*38  Silver  halide  crys 
tals  or  emulsion  grains  are  exposed  with 
short  light  flashes,  each  flash  lasting  only 
a  few  microseconds.  These  light  flashes 


ST  Webb,  J.  Appl.  Phys.  26,  No.  11,1309  (1955). 
ss  Hamilton,  Hamm,  and  Brady,  /.  Appl.  Phys. 
27,  No.  8,  874   (1956). 
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FIG.  12.13.  Electron  micrograph  of  photo 
graphic  grain  printed  out  using  polarization 
pulse,  showing  displaced  photolytic  silver, 
bromo-gelatin  cloud,  and  irregular  outline 
(arrow) . 

are  preceded  by,  accompanied  by,  or  fol 
lowed  by,  application  of  a  strong  electric 
field  of  a  similar  duration.  This  electrical 
field  displaces  the  charged  photo  products 
within  the  silver  halide  crystal  or  grain, 
either  along  the  field  or  in  the  opposite 
direction  depending  upon  the  charge  of 
the  photo  product.  Figure  12.13  3S  shows 
an  electron  micrograph  of  a  specimen  of 
emulsion  exposed  to  the  print-out  level 
with  simultaneous  pulses  of  light  and  elec 
tric  field.  The  direction  of  the  electric 
field  is  indicated  by  the  arrow,  and  the 
magnification  is  illustrated  by  the  1-micron 
mark.  The  masses  of  photolytic  silver  in 
this  micrograph  are  asymmetrically  dis 
tributed  toward  the  side  of  the  grain  to 
which  the  electrons  should  have  been  dis 
placed.  Outside  the  periphery  of  the 
grain,  on  the  side  opposite  to  the  direction 
of  the  silver  deposits,  may  be  seen  a  diffuse 
cloud  resulting  from  released  bromine. 

The  irregular  outline  of  the  grain  indi 
cated  by  the  arrow  in  the  region  of  the 
positive-hole  cloud  indicates  that  the  sur 
face  has  been  eroded  during  the  exposure. 
This  phenomenon  evidently  proceeds  by 


surface  bromide  ions  trapping  positive 
holes  and  being  converted  to  bromine 
atoms,  which  then  escape  into  the  gelatin. 
The  corresponding  silver  ions  migrate  to 
interstitial  positions  to  replenish  those 
consumed  in  forming  photolytic  silver. 

A  similar  displacement  of  the  latent 
image  is  shown  in  Fig.  12.14.38  Following 
exposure,  development  was  carried  out  in 
a  very  dilute  developer  solution  in  order 
to  make  the  latent  image  speck  visible. 
Here  again,  the  latent  image  appears  to 
be  displaced  by  the  electrical  field  in  the 
direction  in  which  the  photo-released  elec 
trons  would  be  displaced.  These  results 
are  consistent  with  the  Gurney-Mott  the 
ory  and  indicate  that  the  important  step 
in  latent-image  formation  is  the  trapping 
of  the  photo-released  electrons  rather  than 
the  trapping  of  the  positive  holes. 

More  elaborate  experiments  of  this 
kind 39  in  which  the  light  and  voltage 
pulses  were  made  out  of  phase  by  specific 
time  intervals  have  indicated  that  the  sil 
ver  halide  grains  in  an  emulsion  contain 


FIG.  12.14.     Photographic    grains    exposed    to 
1/2  -Dmax  level  with  polarization  pulse.    Devel 
oped  for  2  min.  in  dilute  developer. 


ss  Hamilton  and  Brady,  J.  Appl.  Phys.  30,  1893 
and   1909    (1959), 
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a  large  number  of  interstitial  silver  ions, 
perhaps  100  times  as  many  as  would  be 
calculated  from  the  dark  conductance  of 
large  crystals,  and  also  indicate  that  these 
interstitial  silver  ions  are  highly  mobile. 
Similar  experiments  have  indicated  that 
the  photo-released  electrons  are  trapped  at 
such  a  high  rate  that  their  concentration 
is  reduced  to  one  half  the  original  value 
in  0.25  microsecond,  and  that  the  mean 
lifetime  of  the  positive  holes  is  of  the 
order  of  magnitude  of  15  microseconds, 
much  greater  than  that  of  the  photo  elec 
trons.  Thus,  there  is  no  indication  of  re 
combination  of  photo-released  electrons 
and  positive  holes  within  the  grains. 

Similar  experiments 40  have  indicated 
that  the  positive  holes  can  be  trapped  at 
the  surface  of  the  grains  with  the  release 


40  Hamilton  and  Bradj,  J.  Appl.  PJiys.  30,  1909 
(1959). 


of  bromine.  There  are  also  indications 
that  the  bromine  may  migrate  along  the 
surface  of  the  grains  and  react  with  pre 
viously  formed  latent-image  silver  specks. 

This  series  of  experiments  has  clarified 
all  of  the  factors  which  Mitchell  considered 
to  be  objections  to  the  Gurney-Mott  theory, 
and  has  shown  that  Mitchell's  assumptions 
were  not  wrell  founded.  In  fact,  these  re 
sults  support  and  strengthen  the  Gurney- 
Mott  theory  and  leave  it  as  the  most  likely 
explanation  of  latent-image  formation 
which  has  yet  been  proposed. 

The  suggestion  by  Mitchell  that  the  sites 
which  trap  the  photo-released  electrons  are 
positively  charged  has  neither  been  refuted 
nor  supported;  in  fact,  it  has  not  yet  been 
subjected  to  experimental  verification. 
This  idea  may  prove  to  be  an  important 
contribution  to  the  theory  of  latent-image 
formation. 


Chapter  13 

SENSITIZING  DYES  FOR  PHOTOGRAPHIC  EMULSIONS 


As  ordinarily  prepared,  photographic 
emulsions  are  not  sensitive  to  the  red  or 
green  regions  of  the  spectrum,  their  sensi 
tivity  being  limited  to  the  blue,  violet,  and 
invisible  ultraviolet  regions.  Through  an 
accidental  discovery  in  1873,  a  German 
chemist,  H.  W.  Vogel,  found  that  the  addi 
tion  of  certain  dyes  to  an  emulsion  made  it 
sensitive  approximately  to  the  spectral  re 
gion  absorbed  by  the  dye.  Thus,  a  yellow 
dye  sensitizes  in  the  blue ;  a  red  dye  sensi 
tizes  in  the  green;  and  a  blue  dye  sensi 
tizes  in  the  red.  The  effect  on  the  sensi 
tivity  of  an  emulsion  made  by  the  addition 
of  such  photographic  sensitizing  dyes  may 
be  illustrated  by  a  series  of  spectrograms 
given  in  Fig.  13.1.  Here  we  see:  (A)  the 
sensitivity  of  the  unsensitized  emulsion, 
(B)  the  gain  in  sensitivity  in  the  green 
caused  by  the  addition  of  a  red  dye,  (C) 
the  gain  in  sensitivity  in  the  red  caused  by 
the  addition  of  a  blue  dye. 


B. 


C. 


i 


4000      5000      6000      7000      8000 
Wavelength 

FIG.  13.1.     Spectrograms  of:  A.  Unsensitized 

emulsion.    B.  Emulsion  with  green  sensitizer. 

C,  Emulsion  with  red  sensitizer. 


In  the  period  that  followed  Vogers  dis 
covery,  he  and  others  examined  practically 
all  of  the  then  known  classes  of  dyes. 
Relatively  few  were  found  that  gave  sensi 
tizing  action  to  any  great  extent.  Among 
these  were  the  triphenylmethane  dye  Ethyl 
Violet;  the  pyronine  dyes  Eosin,  Erythro- 
sin,  and  Rose  Bengal;  and  the  azo  dyes 
Fast  Red,  Congo  Red,  Glycine  Red,  and 
BenzoNitrol  Brown.  Also  found  to  be  of 
value  were  Acridine  Orange,  Alizarin 
Blue,  and  lastly  "Cyanine."  This  was  a 
dye  which  had  been  made  by  Williams  in 
England  in  1856  and  found  to  be  too  un 
stable  to  light  to  be  useful  as  a  fabric  dye. 

"Cyanine"  or  Quinoline  Blue  was  the 
first  representative  of  what  was  later 
proved  to  be  an  important  class  of  sensi 
tizing  dyes,  generally  known  as  the  cya- 
nines.  The  cyanines  and  dyes  related  to 
them  have  practically  displaced  all  other 
dyes  as  photographic  sensitizers.  The 
structure  and  systematic  name  of  U0ya- 
nine"  is  given  below. 


Am—  N 


l,r-Di-n-amyl-4,4/-cyanine  iodide 

("Cyanine"  or  Quinoline  Blue) 

1 

Dyes  more  or  less  closely  related  to 
"Cyanine"  were  prepared  in  Germany  in 
the  latter  part  of  the  last  and  the  early 
part  of  "the  present  century.  In  1903 
Miethe  and  Traube  patented  Ethyl  Red,  a 
dye  of  the  related  isocyanine  series.  In 
1905  Pinacyanol  was  discovered  by  Ho- 
molka  who  was  working  at  the  Hoechst 
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ine  iodide 


(Ethyl  Red) 
2 


Et    I 


l,lVDiethyl-2,2'-carbocyanine  iodide 

(Pinacyanol) 

3 


l,r-Diethyl-2,4'^aj-bocyanine  iodide 

(Dicyanine) 

4 


EtO 


— CH=CH 


EtO 


6,6'-Diethoxy-l,  1  '<liethyl-254-carbocyaniiie  iodide 

(Dicyanine  A) 

5 

Dye  Works.  Dicyanine  and  Dicyanine  A 
were  manufactured  later  by  the  same  firm. 
The  chemical  nature  of  these  dyes  was 
obscure,  and  until  1914,  the  preparation 
of  sensitizing  dyes  was  a  virtual  monopoly 
of  German  dye  firms. 

At  the  outbreak  of  World  War  I,  the 
rest  of  the  world  was  suddenly  cut  off  from 
the  supply  of  German  dyes.  The  study  of 
sensitizing  dyes  for  use  in  panchromatic 
plates  and  in  aerial  photography  was  un 
dertaken  by  Professors  Mills  and  Pope1 


at  Cambridge,  England.  Their  work  was 
published  in  a  series  of  articles,2"5  appear 
ing  between  1920  and  1928,  in  which  the 
structures  of  various  members  of  the  cya- 
nine  family  were  elucidated;  since  that 
time  rapid  progress  has  been  made  in  an 
ever-expanding  field.  (A  fuller  treatment 
of  the  early  history  of  sensitizing  dyes  has 
been  given  by  Doja,6  Schuloff  and  Sachs,7 
Hamer8  and  Brooker.9)  This  brief  ac 
count  will  deal  only  with  more  recent  de 
velopments. 

The  cyanines  may  be  defined  as  dyes 
conforming  to  the  amidinium  ion  system 
in  which  both  of  the  nitrogen  atoms  are 
included  in  heterocyclic  ring  systems  and 
in  which  the  conjugated  chain  joining 
these  nitrogen  atoms  passes  through  a  part 
of  each  heterocyclic  ring.  The  formulas 
of  the  typical  cyanine  dye,  kryptocyanine, 
Is  shown  below. 


1, 1  '-Diethyl-4,4'-carbocyanine  iodide 
6 

Only  the  two  extreme  resonance  structures 
of  the  dye  are  shown  between  which  the 


i  Mills  and  Pope,  Phot.  J.  60,  183,  253   (1920). 


2  Mills  and  Hamer,  J.  CTietn.  Soc.  117,  1550 
(1920). 

s Mills,  ibid.  121,  455   (1922). 

4 Mills  and  Braunholtz,  ibid  123,  2804  (1923). 

s  Mills  and  Odams,  ibid.  125,  1913   (1924). 

e Doja,   Chem.  Eev.  11,  273    (1932). 

7  Schuloff  and  Sachs,  in  Eder's  Ausfuhrliches 
Handbuch  der  Photographie,  Knapp,  Halle  (Salle) 
Vol.  3,  Part  3,  1932. 

s  Hamer,  in  Thorpe's  Dictionary  of  Applied 
Chemistry,  4th  Ed.,  1939,  p.  514. 

9  Brooker,  in  Mees  Theory  of  the  Photographic 
Process,  The  MaemiUan  Co.,  New  York,  1942, 
p.  987. 
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actual  dye  is  considered  to  be  a  resonance 
hybrid.10' X1  The  formulas  show  two  nitro 
gen-containing  heterocyclic  rings,  derived 
from  quinoline,  linked  together  through  a 
conjugated  trimethine  chain.  This  chain 
between  the  nitrogen  atoms  in  the  formulas 
consists  of  an  equal  number  of  alternating 
double  and  single  bonds,  five  double  and 
five  single,  and  this  circumstance  makes  it 
possible  to  draw  the  second  structure  iden 
tical  with  the  first,  but  with  the  sequences 
of  linkages  in  the  conjugated  chain  re 
versed  and  with  the  positive  charge  lo 
cated  on  the  second  nitrogen  atom.  The 
dye  molecule  is  a  positively  charged  ion 
and  is  satisfied  by  an  acidic  radical,  in 
this  case  iodide,  but  which  may  be  chloride, 
bromide,  p-toluenesulfonate,  etc.  Ethyl 
groups  are  shown  attached  to  the  nitrogen 
atoms,  but  other  substituted  or  unsubsti- 
tuted  alkyl  or  aryl  groups  may  be  used. 

Cyanine  dyes  are  conveniently  classified 
according  to  the  chain  length  between  the 
ring  systems.  The  simple  cyanines  are 
those  in  which  there  is  one  methine  group 
in  the  chain.  An  example  of  this  class  is 
Williams'  "Cyanine"  (Formula  1). 

The  carbocyanines  are  those  in  which 
there  are  three  methine  groups  in  the  con 
jugated  chain.  Pinacyanol  (Formula  3) 
is  an  example  of  this  class. 

Polycarbocyanines  have  conjugated 
chains  of  more  than  three  methine  groups  ; 
for  example,  dicarbocyanines  have  five 
methines,  tricarbocyanines  have  seven,  and 
tetra-  and  pentacarbocyanines  have  nine 
and  eleven,  respectively.  These  dyes  may 
be  illustrated  by  the  following  general 
formula  in  which  E  is  alkyl  or  aryl; 
n  =  0,  1,  2,  3,  4,  and  5,  and  X  is  an  anion. 
When  n  =  0,  the  formula  represents  a 


monomethine 


10  Pauling,  Proc.  Nat.  Acad.  Sci.  25,  577  (1939). 
nBrooker,  J.  Am.  Chem.  Soc.,  62,  1116  (1940). 


I=CH(—  CH=CH)n— I 


R     X 


or  simple  cyanine.  These  dyes  form  a 
vinylene  homologous  series,  vinylene 
( — CH=:CH)  being  the  amount  by  which 
the  chain  is  lengthened  with  increase  in 
the  value  of  n. 

Thus  far  the  dyes  shown  have  been  de 
rived  from  quinoline.  Many  other  hetero 
cyclic  nuclei  have  been  employed  for  mak 
ing  cyanine  dyes.  Some  of  the  more  im 
portant  are  (a)  thiazole,  (b)  thiazoline, 
(c)  pyridine,  (d)  benzoxazole,  (e)  benzo- 
thiazole,  (f)  benzoselenazole,  (g)  benzi- 
midazole,  (h)  indolenine,  (j)  naphth[2,l] 
oxazole,  (k)  naphtho  [1,2]  thiazole,  (1) 
naphtho  [2,3  ]  thiazole. 


(a) 


HC 

HJi 


N 


c— 


(c) 


(e) 


(g) 


(j) 


'C— 


(b) 


(d) 


(f) 


HaC 


H 


C— 


N' 


Se 


C— 


C— 


c— 


(h) 


(k) 


C— 


C— 


c— 
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c— 


The  number  of  heterocyclic  nuclei  it  is 
possible  to  employ  is  increased  many  times 
by  the  introduction  of  substituents  in  the 
ring  as,  for  example:  (m)  4-methylthia- 
zole  and  (n)  6-chloroquinoline. 


S 


(m) 


HC 
MeC 


C— 


(n) 


The  absorption  and  sensitizing  curves 
for  a  vinylene  homologous  series  of  dyes 
from  benzothiazole  are  shown  in  Fig.  13.2. 
Nearly  the  whole  range  of  the  visible  spec 
trum  is  covered  by  these  curves.  The 
absorption  maximum  of  the  dyes  in  this 
series  shifts  to  longer  wave  lengths  with 
increasing  chain  length  by  an  almost  con 
stant  amount  when  methyl  alcohol  is  used 
as  a  solvent.  Likewise,  the  sensitizing 
maximum  shifts  to  longer  wave  length. 
However,  the  sensitizing  maximum  for  a 
given  dye  is  seen  to  lie  at  somewhat  longer 
wave  length  than  the  corresponding  ab- 
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FIG.  13.2.     Absorption   in   methyl   alcohol  and 
sensitizing  curves  for 


=CH(-CH=CH)n- 


Et 


sorption  maximum  determined  in  methyl 
alcohol.  The  absorption  maximum  of  the 
silver  halide-dye  complex,  however,  agrees 
within  the  limits  of  experimental  error 
with  the  sensitizing  maximum. 

In  Fig.  13.3  is  shown  the  absorption 
curves  of  a  representative  group  of  carbo- 
cyanine  dyes  illustrating  the  effect  on  ab 
sorption  of  changing  the  heterocyelic  nu- 


rAv 

H2CV,/ 
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2]         C=CH-CH=CH-C        T' 
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FIG.  13.3.     Absorption  curves  of  a  set  of  earbocyanine  dyes  in  methyl  alcohol. 
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cleus.  A  wide  range  of  the  visible  spec 
trum  is  covered  by  these  absorption  bands 
and  the  same  may  be  said  of  the  corre 
sponding  sensitizing  bands. 

The  dyes  so  far  discussed  are  all  "sym 
metrical,"  i.e.,  they  have  the  same  hetero- 
cyclic  nucleus  at  both  ends  of  the  con 
jugated  chain.  In  many  dyes,  e.g.,  7,  the 
heterocyclic  nuclei  are  different,  and  the 
dyes  are  known  as  ' ' unsymmetrical7 '  dyes. 
Here  again,  vinylene  homologous  series  of 
dyes  can  be  made.  The  groups  on  the 
nitrogens  are  shown  as  ethyl  but  they  may 
be  varied  independently. 


Et  Et  I 

l',3-Diethylthia-2'-carbocyanine  iodide 

7 

Cyanine  dyes  are  also  known  with  sub- 
stituents  in  the  conjugated  chain  as,  e.g.,  8. 
Here  the  dye  shown  is  "symmetrical,"  but 
"unsymmetrical"  dyes  of  this  type  are 
also  known.  In  8,  the  substituent  is  a 
methyl  group,  but  other  alkyl  and  aryl 
groups  can  be  introduced  as  well  as  such 
groups  as  alkoxy,  aryloxy,  amino,  substi 
tuted  amino,  etc.  In  these  dyes  the  chain 
length  can  also  be  varied. 


C=CH—  C=CH 
Me 


3,37-Diethyl-9-methylthiacarbocyanine  iodide 
8 

It  has  been  observed  that  certain  dyes 
derived  from  phenanthridine,  as,  e.g.,  9a, 
do  not  sensitize,  whereas  the  corresponding 
dyes  from  benzo[f]quinoline,  lOa,  sensi 
tize.  This  difference  in  sensitizing  power 
has  been  attributed  to  the  fact  that  in  9 
the  molecule  must  be  twisted  from  pla- 


Et  I 


10A 


10B 

narity 12  by  the  crowding  of  the  hydrogens 
on  the  benzene  rings  as  shown  in  the 
spatial  projection  9b,  whereas  in  lOb  such 
a  condition  does  not  exist  and  the  dye  can 
assume  a  planar  configuration  with  a  slight 
adjustment  of  bond  angles.  Brooker  13  has 
studied  the  relationship  between  spatial 
configuration  and  sensitizing  and  has  sug 
gested  that  the  cyanine  dyes  form  a  con- 
is  Sheppard,  Lambert,  and  Walker,  /.  Chem. 
PJiys.  9,  107  (1941). 

is  Brooker  et  al.,  J.  Phot.  Sci.  I,  173   (1953). 
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tinuous  series  from  nonerowded  or  '  '  loose ? ' 
planar  dyes,  11,  through  compact  planar 
dyes,  12,  to  extremely  crowded  nonplanar 
dyes,  13.  The  effect  of  crowding  on  the 


CH 


13 


sensitizing  properties  of  a  dye  is  so  pro 
nounced  that  in  some  cases  introduction 
of  even  slightly  crowded  conditions  prac 
tically  destroys  the  sensitizing  power  as, 
for  example,  in  14  and  15.  The  dye  14  is 
considered  to  be  a  compact  planar  dye  and 
is  a  good  sensitizer.  Introduction  of  one 
methyl  group  in  the  3-position  of  one  of 
the  quinoline  rings  give  15,  which  is  a 
poor  sensitizer.  In  certain  cases,  the 
spatial  projection  of  the  dye  shows  ex 
treme  crowding  as  in  16,  but  this  crowding 
can  be  relieved  by  rotating  a  group  (in 
this  case  phenyl)  out  of  the  plane  of  the 
rest  of  the  molecule.  When  the  crowding 


can  be  relieved  by  this  means,  the  dye  may 
be  an  excellent  sensitizer. 

A  group  of  dyes  which  differ  in  struc 
ture  from  the  cyanines  in  having  a  con 
jugated  amide  system  instead  of  the  ami- 
dinium  ion  system  are  known  as  the  "mer- 
ocyanines."  They  were  independently  dis 
covered  by  Kendall 14  of  the  Ilford  Labo 
ratories  and  by  Brooker  15  of  the  Eastman 
Research  Laboratories.  These  dyes  may 

14  Kendall,  B.P.  426,718;  428,222;  428,359; 
428,360;  432,628  (1935). 

is  Brooker  et  al.,  U.S.P.  2,078,233  (1937); 
U.S.P.  2,153,169;  2,161,331  (1939);  B.P.  450,- 
958  (1936),  B.P.  466,097  (1937). 
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be  illustrated  by  the  typical  formula  17. 
The  benzoxazole  nucleus  is  shown  joined 
to  the  residue  of  a  rhodanine  nucleus. 


\ 


CO  -  NRi 

C(==CH—  CH)n=C          CS 

V 


17 

Rhodanine  (a)  below,  contains  a  reactive 
methylene  group  adjacent  to  a  carbonyl 
group,  i.e.,  —  CH2CO—  .  A  number  of 
compounds  are  known  which  have  this 
reactive  keto-methylene  grouping.  They 
may  be  open-chain  compounds,  such  as 
acetyl  acetone,  ethyl  malonate,  ethyl  aceto- 
acetate,  benzoyl  acetonitrile,  etc.,  or  more 
frequently  cyclic  compounds  such  as  (a) 
rhodanine,  (b  )  2-thio-2,4-oxazolidinedi- 
ones,  (c)  2,4-thiazolidinediones,  (d)  thia- 
naphthenones,  (e)  indandiones,  (f)  oxin- 
doles,  (g)  thiohydantions,  (h)  pyrazolones, 
(j)  barbituric  acids,  (k)  isoxazolones,  and 
many  others. 


(a) 


(c) 


(e) 


(g) 


RN- 

si 


-CO 

CH2 


(b) 


(d) 


(f) 


(h) 


V 

Ri 

RN— CO 


oc 


CH2 


(k) 


Merocyanines  may  be  obtained  in  vinyl- 
ene  homologous  series  as  shown  in  formula 
17.  Here  too,  as  in  the  cyanines,  the  R  and 
R!  groups  can  be  varied  and  the  hydro 
gens  of  the  chain  may  be  replaced  by  alkyl, 
aryl,  alkoxy,  etc. 

A  number  of  trinuclear  dyes  have  been 
made  and  used  in  photography.  The  first 
of  these,  "neocyanine,"  was  discovered  by 
Clarke16  as  a  by-product  in  the  prepara 
tion  of  kryptocyanine  (6).  The  structure 
of  neocyanine  (18)  was  finally  determined 
by  Hamer  17  in  1947.  Other  symmetrical 
and  unsymmetrical  neocyanines  have  been 
made. 

In  the  neocyanines  there  are  three  basic 
nuclei  sharing  two  positive  charges.  In 
another  series  of  trinuclear  dyes,  illus 
trated  by  19  and  first  reported  by  Brooker 
and  Smith,18  the  three  nuclei  share  a  single 
positive  charge.  Another  method  of  con 
necting  three  nuclei  which  share  a  single 
positive  charge  is  shown  in  20,  and  such 
dyes  have  been  reported  by  Brooker  and 
White  19  and  by  Kendall.20  The  nuclei  in 
both  types  of  dyes  can  be  varied.  A  group 
of  dyes  (21)  similar  to  20  have  been  dis 
closed  in  patents  by  Heseltine  and  Brook 
er.21  Here  the  third  nucleus  is  connected 
directly  to  the  conjugated  chain  at  a  car 
bon  atom  fi  to  the  basic  nitrogen  atom. 
Replacement  of  the  central  pyrrole  nucleus 
by  the  acidic  pyrazolone  ring  gives  22.  A 
number  of  such  dyes  have  been  patented 
by  Brooker  and  White  22  in  which  both  the 
central  acidic  nucleus  and  the  terminal 


,N— CO 


is  Clarke  and  Eastman  Kodak  Co.,  U.S.P. 
1,804,674  (1931). 

i?  Hamer,  Rathbone,  and  Winton,  J.  Chem. 
Soc.  1434  (1947). 

is  Brooker  and  Smith,  J.  Am.  Chem.  Soc.  59, 
67  (1937). 

19  Brooker  and  White,  U.S.P.  2,282,115   (1942). 

20  Kendall,  B.P.  549,202    (1942). 

21  Heseltine     and     Brooker,     U.S.P.     2,666,761 
(1952). 

22  Brooker  and  White,  U.S.P.  2,739,964   (1956). 
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>=< 


V-  CH=CH— C=CH— CH=< 


Et 


"Neocyanine"  or  l;r-Diethyl-10-(4-quinolyl  ethiodide)- 
4,4'-dicarbocyanine  iodide 

18 

basic  nuclei  are  varied.    The  dye  (22)  can     tion  of  22  gives  23,  a  type  of  dye  patented 
exist  in  two  forms,   a  dipolar  form,   and     by  Kendall  and  Fry.23 
the   uncharged   form   as   shown.     Alkyla- 


CH=C 


EtN 


2,4-Bis[  (3-ethyl-2  (3H)-benzotluazplinylidene)- 
methyl2quinoline  ethiodide 

19 


C=CH— C=CH— C 


EtN 


3,3'-Diethyl-9-[  (3-ethyl-2  (3H)-benzothiazo- 
linylidene)  methyl  ]thiacarbocyanine  iodide 

20 


Q 

C=CH—  C=CH—  C 
/  I  \ 


Et 


thiacarbocyanine  iodide 
21 


C=CH- 


MeC 


_CH=C 


CO 


Ph 


4-|T>i  (3-ethyl-2  (3H)-benzothiazolylidene  methyl)- 
methylene  ]-3-methy  1-  1  -pheny  1-5-pyrazolone 

22 


C=CH—  C=CH—  C 


MeC 


I- 


CO 


N— N 
Et  Ph 

23 


Some  merocyanines,  especially  those 
from  rhodanines,  2-thiohydantoins,  and  2- 
thio-2,4-oxazolidinediones,  give  reactive 
intermediates,  such  as  24,  on  treatment 
with  alkylating  agents.  These  intermedi 
ates  can  then  react  with  either  quaternary 

Et  Y_ 
CO  -  N 


=C          G~S 


Me 


24 


23  Kendall  and  Fry,  B.P.  544,645  (1942). 
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C=CH 


3-Ethyl-5-[  (3-ethyl-2  (3H)-benzothiazolylidene)- 

ethylidene]-2-[  (2-benzothiazolyl  ethiodide)- 

methy  lene  ]-4-thiazolidone 

25 

salts  to  give  triimclear  dyes,  such  as  25, 
or  with  reactive  ketomethylene  compounds 
to  give  trinuclear  dyes,  such  as  26.  Such 
dyes  were  first  patented  by  Kendall.24'25 
A  large  number  of  dyes  of  these  types 
have  been  made  as  well  as  those  with  sub- 
stituents  in  the  conjugated  chain.26 

By  combining  two  reactive  ketomethyl 
ene  compounds  with  a  conjugated  chain  in 
a  manner  similar  to  the  cyanines,  a  group 
of  dyes  known  as  oxonols  are  obtained 
which  contain  a  conjugated  carboxylate 
ion  system.  Here  again  the  dyes  may  be 

HO 


EtN CO  C NEt 

SC          C=CH(— CH=CH)— C          CS 

v  v 

symmetrical  or  unsymmetrical,  and  the 
chain  may  be  substituted.  Such  dyes  have 
been  patented  by  Gaspar  27  and  by  Brooker 
and  Keyes.28 

Further  dyes  useful  in  photography  are 
illustrated  by  27,  a  hemicyanine  independ 
ently  discovered  by  Ogata29  and  White 
and  Keyes.30  Both  the  basic  nucleus  and 
the  amine  residue  can  be  varied.  Similar 
dyes  from  acidic  nuclei  are  the  hemi- 


24  Kendall,  B.P.  487,051;   489,335    (1938). 

25  Kendall  and  Fry,  U.S.P.  2,388,963   (1945). 
26Knott,  U.S.P.   2,728,766    (1955). 

27  Caspar,  U.S.P.  2,345,193   (1944). 
28 Brooker  and  Keyes,  U.S.P.  2,241,238  (1941). 
29  Ogata,    Proc.    Imp.    Acad.    Tokyo    13,    325 
(1937). 
so  White  and  Keyes,  U.S.P.  2,166,737    (1937). 


CO— NEt    CO NEt 

[— CH=C          C=C          CS 

v    v 


3-Ethyl-5-[  (3-ethyl-2  (3H)-benzothiazolylidene)- 

ethylidene]-2-(3-ethyl-4-oxo-2-thiono-5- 

thiazolidylidene)-4-thiazolidone 

26 

oxonols  28,  disclosed  by  Keyes.31     Varia 
tion  in  both   the  acidic  nucleus   and  the 


C— CH=CH— N(Et), 


EtI 


2-p-Diethylaminovinyl-3-ethyl- 
benzothiazolium  iodide 

27 

EtN CO  CH2— CH2 

SC          C=CH— N  CH2 

\  CH2— CH2 

3-Ethyl-5-(l-piperidylmethylene)rhodanine 
28 


amine  residue  is  possible.  Both  types  of 
dyes  can  give  vinylene  homologous  series. 
The  styryl  dye  (29)  is  a  representative  of 


!H=CH- 


-NMe2 


V 

Mel 

2-Dimethylaminostyryl-l-methyl 
pyridinium  iodide 

29 

a  group  of  dyes  which  have  been  used  as 
sensitizers.  Such  dyes  are  obsolete  as  sen- 
sitizers,  but  still  find  much  use  as  filter 
and  backing  dyes.  A  large  number  of  such 
dyes  have  been  prepared  for  this  purpose 
and  their  absorptions  have  been  used  in 
studies  on  Color  and  Constitution.32 


si  Keyes,  U.S.P.  2,186,608   (1940). 
32  Brooker,  et  al.,  J.  Am.  Chem.  Soc.  67,   1875 
(1945). 


Chapter  14 

CHARACTERISTICS  OF  SPECTRALLY  SENSITIZED 
EMULSIONS  AND  THE  MECHANISM  OF 
SPECTRAL  SENSITIZATION 


The  increase  in  sensitivity  of  a  photo 
graphic  emulsion  to  light  of  wave  lengths 
longer  than  those  absorbed  by  the  silver 
halide  itself  is  called  "  spectral  sensitiza- 
tion ' ' — formerly  '  *  optical  sensitization. ' ' 
Spectral  sensitization  is  to  be  distinguished 
from  the  increase  in  sensitivity  effected 
during  the  "after  ripening"  (Chapter 
10),  which,  except  for  a  minor  increase  in 
sensitivity  to  longer  wave  lengths,  is  con 
fined  to  the  spectral  region  absorbed  by 
the  silver  halide.  For  nearly  all  practical 
purposes,  spectral  sensitization  is  accom 
plished  by  adding  to  the  emulsion  one  or 
more  sensitizing  dyes  of  the  cyanine  or 
merocyanine  classes  discussed  in  Chapter 
13.  The  dye,  dissolved  in  an  organic  sol 
vent,  is  added  to  the  emulsion  just  before 
application  to  the  support. 

Sensitometric  Characteristics  of  Spec 
trally  Sensitized  Emulsions.  The  sensitiz 
ing  dye  not  only  confers  sensitivity  toward 
light  of  wave  lengths  absorbed  by  the  dye 
as  it  exists  in  the  emulsions,  but  also  usu 
ally  modifies  the  sensitivity  of  the  emul 
sion  to  blue  and  violet  light,  for  which  the 
dye  may  show  no  absorption. 

A.  Spectral  Sensitivity.  By  a  suitable 
choice  of  dyes,  emulsions  can  be  rendered 
sensitive  to  all  wave  lengths  from  the  ab 
sorption  band  of  silver  halide  throughout 
the  visible  spectrum  into  the  infrared  re 
gion  as  far  as  about  13,000  A.  The  spec 
tral  distribution  of  sensitivity  in  photo 
graphic  emulsions  can  be  conveniently 
shown  in  " wedge  spectrograms/7  examples 


of  which  are  shown  in  Fig.  14.1  and  14.2. 
The  manner  of  obtaining  these  spectro 
grams  is  described  in  Chapter  20,  and  it 
need  only  be  mentioned  here  that  the  dis 
tance  of  the  envelope  of  the  curve  from 
the  base  at  any  wave  length  is,  with  certain 
important  qualifications  given  in  the  chap 
ter,  a  measure  of  the  sensitivity,  on  a  loga 
rithmic  scale,  of  the  emulsion  at  that  wave 
length. 

Sensitization  over  a  wide  wave-length 
region  is  usually  accomplished  by  adding 
to  the  emulsion  a  mixture  of  dyes,  each 
sensitizing  strongly  at  different  wave 
lengths.  For  some  special  purposes  emul 
sions  are  used  in  which  high  sensitivity  is 
restricted  to  a  narrow  spectral  region; 
e.g.,  emulsions  dyed  for  high  sensitivity 
only  in  the  region  of  the  red  line  of  the 
hydrogen  spectrum  are  used  in  astronomy. 

B.  Speed.      The    sensitivity    of    a    dyed 
emulsion  to  blue  and  violet  light  is  often 
considerably  less   than   that   of  the   same 
emulsion  undyed.     Since  the  effect  is  no 
ticed    with    dyes    which    show   practically 
no  absorption  for  blue  or  violet  light,   it 
can  not,  in  general,  be  attributed  to  a  filter 
effect  of  the  dye.     This  desensitizing  effect 
of  optical  sensitizers  is  discussed  in  a  later 
paragraph. 

C.  Contrast,      The   contrast   of   a   spec 
trally  sensitized  emulsion,  as  measured  by 
gamma  (Chapter  20)  may  differ  for  light 
absorbed   by   the   dye   from   that   for   the 
shorter  wave  lengths  directly  absorbed  by 
the  silver  halide,  but  no  invariable   rule 
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I.      3,3'- DIETHYL- 

THIAZOLINOCARBOCYANINE  IODIDE 


I.r-DIETHYL-4,4'- 

CARBOCYANINE  IODIDE 


2.      3,3'-DIETHYLOXACARBOCYANINE  IODIDE 


2.    3,3'-DIETHYLTHIADICARBOCYANINE  IODIDE 


3.     3,3'-  DIETHYLTHIACARBOCYANINE  IODIDE 


4.     3,3'-  DIETHYLSELENACARBOCYANINE  IODIDE 


METHYLTHIACARBOCYANINE  IODIDE 


3.    3,3'~DIETHYLTHIATRICARBOCYANINE.IODIDE 


5.     l.r-DIETHYL-4,41- 

TRICARBOCYANINE  IODIDE 


6. 


DIBENZOTHIACARBOCYANINE  BROMIDE 


6.     I2-ACETOXY-3.3' 

DIETHYLTHIATETRACARBOCYANINEPERCHLORATE 


7.     U'-DIETHYL-2,4'- 

CARBOCYANINE  IODIDE 

FIG.  14.1.  Wedge  spectrograms  of  a  ehloro- 
bromide  emulsion  sensitized  with  carbocyanine 
dyes.  (Mees,  The  Theory  of  the  Photographic 
Process,  The  Macmillan  Co.,  New  York,  1942.) 

can  be  given  for  the  change  of  contrast 
with  wave  length.  The  value  of  gamma 
is  frequently  higher  for  the  wave  lengths 
absorbed  by  the  dye  than  for  those  ab 
sorbed  by  the  silver  halide.  An  explana 
tion  often  advanced  for  this  increase  in 
gamma  is  that,  since  the  dye  is  present 
only  on  the  surface  of  the  grains,  the  sensi 
tivity  conferred  by  the  dye  is  proportional 
to  the  grain  surface;  whereas,  absorption 
of  light  by  the  silver  halide  occurring 
throughout  the  volume  of  the  grains,  the 
sensitivity  to  these  wave  lengths  is  propor 
tional  to  the  grain  volume.  The  ratio  of 
surface  to  volume  is  greater  for  small 
grains  than  for  large;  hence  the  smaller 
grains  are  sensitized  by  the  dye,  relative 


7.     I2-ACETOXY-3.31- 

DIETHYLTHIAPENTACARBOCYANINEPERCHLORATE 

FIG.  14.2.  Wedge  spectrograms  of  a  chloro- 
bromide  emulsion  sensitized  with  infrared  sensi- 
tizers.  (Mees,  The  Theory  of  the  Photographic 
Process,  The  Macmillan  Co.,  New  York,  1942). 

to  the  sensitivity  to  blue  and  violet  light, 
to  a  greater  degree  than  the  larger  grains. 
The  smaller  grains,  which  generally  are 
the  less  sensitive  grains,  contribute  a  large 
proportion  of  the  density  of  the  developed 
image  formed  by  the  higher  exposures. 
For  the  same  grain-size  distribution,  a 
relatively  greater  density  is  obtained  at 
the  higher  exposures  for  light  absorbed 
by  the  dye  than  for  light  absorbed  by  the 
silver  halide;  i.e.,  the  gamma  in  the  spec 
trally  sensitized  region  of  the  spectrum  is 
greater  than  that  for  blue  and  violet  light. 
Other  factors,  however,  may  work  in  the 
opposite  direction  to  the  effect  just  dis 
cussed,  such  as  relatively  weaker  sensi- 
tization  of  the  finer  grains,  associated  with 
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differences  in  chemical  constitution  of  the 
grains  in  the  various  size  classes,  or  dif 
ferences  with  wave  length  of  the  screening 
of  grains  within  the  emulsion  by  the  upper 
emulsion  layers.1 

Hypersensitization  of  Spectrally  Sensi 
tized  Emulsions.  The  sensitivity  of  dyed 
emulsions  can  often  be  considerably  in 
creased  by  "hypersensitizing"  with  solu 
tions  of  ammonia  or  of  other  bases,  such 
as  triethanolamine.  A  one-minute  bath 
in  a  solution  made  by  diluting  4  cc.  of  con 
centrated  ammonia  (28%)  to  100  cc.  with 
distilled  water  at  a  temperature  not  ex 
ceeding  55 °F.  is  a  convenient  procedure. 
The  plate,  or  film,  should  be  dried  as 
quickly  as  possible  in  a  stream  of  dust- 
free  air  and  used  immediately.  Accelera 
tion  of  drying  by  rinsing  in  alcohol  after 
bathing  is  advantageous.  Hypersensitized 
plates  tend  to  fog  if  kept,  although  they 
can  be  kept  for  some  weeks  in  a  refrig 
erator. 

The  response  to  hypersensitization  de 
pends  both  on  the  emulsion  and  the  dye, 
and  the  greatest  increases  in  sensitivity 
tend  to  be  realized  in  slower  emulsions. 
Hypersensitization  is  frequently  used  in 
practice  with  emulsions  sensitized  to  in 
frared  radiation. 

Carroll  and  Hubbard 2  found  that  bath 
ing  in  water  was  sometimes  nearly  as  ef 
ficient  as  bathing  in  ammonia  in  increas 
ing  speed  in  the  dye-sensitized  region  of 
the  spectrum.  For  infrared-sensitive 
emulsions,  however,  the  ammonia  treat 
ment  was  more  effective. 

Ammonia  hypersensitization  appears  to 
depend  upon  an  increase  in  the  concentra 
tion  of  silver  ion  at  the  grain  surface ;  the 
ammonia  dissolves  some  of  the  silver  salt 


1  Burton,   Fundamental   Mechanisms   of  Photo 
graphic  Sensitivity,   (Ed.  J.  A.  Mitchell)  Butter- 
worths,  London,  1951,  p.   197. 

2  Carroll   and   Hubbard,   J.  Ees.  Nat.   Bur.   of 
Stds.  10,  211  (1933). 


as  the  complex  cation  Ag(NH3)2+  which, 
on  drying,  loses  ammonia  and  leaves  an 
excess  of  silver  ion.  The  effect  of  water 
bathing  presumably  originates  in  an  in 
creased  silver  ion  concentration  following 
removal  of  soluble  bromide. 

Factors  Influencing  Spectral  Sensitiza- 
tion.  Silver  bromide  does  not  absorb  ap 
preciably  wave  lengths  longer  than  about 
500  millimicrons  (m/x)  in  the  blue-green 
region  of  the  spectrum.  On  exposure  of 
an  undyed  -  emulsion  to  green,  yellow,  or 
red  light,  no  energy  is  absorbed  and  no 
change  can  be  induced  in  the  silver  halide 
grains.  The  function  of  the  sensitizing 
dye  is  to  absorb  the  longer  wave  lengths, 
and  by  some  interaction  of  the  adsorbed 
dye  with  the  silver  halide  not  yet  com 
pletely  understood,  to  transfer  this  ab 
sorbed  energy  to  the  grain,  bringing  about 
the  same  process  as  occurs  upon  direct 
absorption  of  light  by  the  silver  salt. 

The  behavior  of  the  dye  as  a  sensitizer 
can  therefore  be  analyzed  in  terms  of  the 
adsorption  of  the  dye  to  the  surface  of 
the  grain,  the  absorption  of  light  by  the 
adsorbed  dye,  and  the  mechanism  of  the 
transfer  of  the  absorbed  energy  from  the 
dye  to  the  grain. 

Adsorption  of  Sensitizing  Dyes  to  Sil 
ver  Halides.  The  transfer  of  energy  from 
the  sensitizing  dye  to  the  silver  halide 
requires  intimate  molecular  contact  be 
tween  the  dye  and  the  surface  of  the  grain. 
It  is  a  fortunate  circumstance  for  spectral 
sensitization  that  the  same  structural  char 
acteristics  which  bring  about  very  strong 
absorption  of  light  by  the  dye  molecule 
also  induce  relatively  large  attractive 
forces  between  dye  molecules  and  sub 
stances  such  as  silver  halide.  The  long 
conjugated  chains  in  these  molecules  bring 
into  play  large  van  der  Waals  forces, 
which  may  be  supplemented  by  electro 
static  Coulomb  attraction  between  dye  ions 
and  the  surface  ions  of  the  silver  halide, 
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as  in  the  case  of  eyanine  dyes,  or  by  di 
polar  attraction  between  neutral  but 
strongly  polar  dye  molecules  and  the  sur 
face  charges,  as  in  the  case  of  merocya- 
nines.  Only  intensely  colored  molecules 
held  by  such  forces  to  the  silver  halide 
surface  can  sensitize ;  dye  merely  dissolved 
in  the  gelatin  of  the  emulsion  is  ineffective. 
When  a  quantity  of  dye  is  added  to  a 
liquid  photographic  emulsion  before  coat 
ing,  the  dye  distributes  itself,  at  a  given 
temperature,  in  a  definite  way  between  the 
halide  grains  and  the  suspension  medium. 
A  little  dye  is  usually  taken  up  almost 
completely  by  the  grains;  as  more  dye  is 
added,  more  is  adsorbed  to  the  grain  sur 
face,  but  also  more  remains  free  in  the 
liquid  until  the  grain  surface  becomes 
saturated,  and  no  additional  dye  can  be 
adsorbed.  Figure  14.3  from  a  study  by 
Davey,3  shows  typical  "adsorption  iso 
therms"  for  sensitizing  dyes  in  emulsions; 


i.e.,  the  relation,  at  a  given  temperature, 
between  the  amount  of  dye  taken  up  by 
the  grains  and  that  left  unadsorbed  in 
the  gelatin  solution.  Similar  isotherms 
have  been  obtained  by  Sheppard,  Lam 
bert,  and  Walker,4  and  by  West,  Carroll, 
and  Whitcomb.5 

The  saturation  plateau  shown  by  the 
isotherms  is  interpreted  as  indicating  com 
plete  coverage  of  the  surface  of  the  grains 
by  a  layer  of  dye  molecules  one  molecule 
thick.  The  area  of  a  single  dye  molecule 
in  various  orientations  on  the  surface  of 
a  crystal  can  be  computed  from  known 
bond  lengths  and  bond  angles  which  enter 
into  the  structure  of  the  dye,  the  total 
number  of  molecules  adsorbed  at  satura 
tion  can  be  calculated  from  the  isotherm, 
and  the  total  area  of  the  grain  surface  in 


Davey,  Trans.  Farad.  Soc.  36,   323    (1940). 


*  Sheppard,  Lambert,  and  Walker,  J.  Chem. 
Phys.  7,  265  (1939). 

s  West,  Carroll,  and  Whitcomb,  J.  Phys.  Chem. 
56,  1054  (1952). 


5  10  15  20 

RESIDUAL  DYE  CONCENTRATION  Mg./LlTER 
®    l,l'-DIETHYL-2,2'-CYANINE  IODIDE. 
x    SAME  DYE  PARTIALLY  DISPLACED  BY  COMPETING  ADSORBATE. 
a    3,3'-  DIMETHYL-9-ETHYLTHIACARBOCYANINE  BROMIDE. 
•    3,3'-DIETHYL-9-METHYLTHIACARBOCYANINE  BROMIDE. 
A    S.S'.Q-TRIETHYL-S.e'-DICHLOROTHIACARBOCYANINE  IODIDE. 

PIG.  14.3.     Adsorption  curves  of  sensitizing  dyes.     (Davey,  Trans.  Farad.  Soc. 

36,  323  (1940).) 
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the  emulsion  can  be  estimated  from  photo- 
micrographic  determinations  of  the  num 
ber  and  sizes  of  the  grains.  From  the  two 
latter  quantities,  the  area  of  surface 
claimed  by  each  dye  molecule  at  surface 
saturation  can  be  calculated ;  for  many 
dyes  this  area  is  found  to  be  that  of  the 
dye  molecule  oriented  " edge-on7'  to  the 
surface.  Dye  molecules,  such  as  those 
shown  in  Fig.  14.4,  are  flat  with  relative 
length,  breadth,  and  thickness  somewhat 
like  those  of  a  thick  book;  and  when  the 
grain  surface  is  completely  covered,  the 
molecules  are  arranged  in  a  packed  array, 
somewhat  like  that  of  books  on  a  shelf, 
the  long  edge  of  the  book  resting  on  the 
shelf,  and  the  planes  being  inclined,  per 
haps  at  an  angle  of  less  than  90°  to  the 
shelf. 

Some  of  the  isotherms  in  Fig.  14.3  con 
tain  two  branches.  It  seems  probable  that 
the  branch  corresponding  to  the  lower 
coverages  of  the  grain  surface  represents 
the  adsorption  of  dye  molecules  with  their 
planes  parallel  to  the  surface  and  that  the 
second  branch  is  associated  with  the  mole 
cules  standing  on  edge,.  The  two  branches 
of  these  isotherms  '"show  differences  in  the 
absorption  spectra  of"~tfre~~adsorbed  dye, 
strong  evidence  of  some  difference  in  the 


3.7  A 


90° 


FIG.  14.4.  Adsorption  of  a  close-packed  layer 
of  dye  molecules  on  a  silver  halide  surface. 
The  dye  molecule  contains  two  quinoline  nu 
clei,  ethyl-substituted  on  the  N-atoms,  linked 
by  a  single  =  CH-group;  only  the  carbon  atom 
skeleton  is  shown.  The  molecular  planes  are 
parallel,  but  may  be  staggered  with  respect  to 
one  another,  instead  of  as  shown. 
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o       a.S'-DIMETHYL-a.lO-DI-M- 

TOLOXYTHIACARBOCYAN1NE  BROMIDE 

X       3,3',  9-TRIETHYL-5.5'- 

DICHLOROTHIACARBOCYANINE  BROMIDE 

FIG.  14.5.     Plots  of  observed  optical  sensitiza- 
tion  against  concentration.     (Spence  and  Car 
roll,    J.    Phys.    and    Colloid    Chem.    52,    1090 
(1948).) 


state  of  the  dye  in  the  two  stages  of  ad 
sorption. 

Effect  of  Concentration  of  Sensitizing 
Dye  on  Sensitization.  As  the  concentra 
tion  of  sensitizing  dye  added  to  the  emul 
sion  increases,  the  photographic  effect  in 
creases  at  first  nearly  proportionally  to 
the  concentration,  then  more  slowly,  and, 
finally,  often  reaches  a  maximum  beyond 
which  further  increase  in  concentration 
causes  a  decrease  in  photographic  sensi 
tivity .  Figure  14.5,  from  an  article  by 
Spence  and  Carroll,6  illustrates  the  phe 
nomenon  for  two  thiaearbocyanine  dyes. 
In  this  figure,  the  ordinates,  1/E,  are 
measures  of  the  spectral  sensitization.  The 
sensitivity  is  a  maximum  at  a  concentra 
tion  called  the  photographic  optimum,  the 
value  of  which  depends  on  the  dye,  the 
emulsion,  and  other  factors.  Comparison 
of  the  optimum  with  the  saturation  limit 
of  the  adsorption  isotherms  shows  that,  in 
general,  the  optimum  occurs  at  concentra 
tions  considerably  below  the  concentration 
at  which  complete  coverage  of  the  surface 
by  a  monolayer  of  dye  occurs. 


e  Spence    and    Carroll,    J.    Phys.    and    Colloid 
Chem.  52,  1090    (1948). 
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At  dye  concentrations  beyond  the  photo 
graphic  optimum,  the  decrease  in  sensi 
tivity  in  the  spectral  region  adsorbed  by 
the  dye  is  accompanied  by  a  decrease  in 
the  sensitivity  of  the  emulsion  toward  blue 
light.  Moreover,  if  the  sensitivity  of  the 
dyed  emulsion  to  blue  light  is  compared 
with  that  of  the  undyed  emulsion  to  this 
light,  it  is  found  that  frequently  the  dyed 
emulsion  shows  lower  sensitivity,  even  at 
dye  concentrations  lower  than  the  sensi- 
tization  optimum.  Since  this  effect  toward 
blue  light  can  be  obtained  with  dyes  which 
show  no  absorption  of  blue  light,  the  dye 
must  exert  a  desensitization  action  not 
connected  with  any  loss  of  light  by  ab 
sorption.  The  desensitization  increases 
regularly  with  concentration,  while  the 
rate  of  increase  of  light  absorption,  and 
hence  of  spectral  sensitization,  levels  off 
with  concentration  as  the  absorption  at 
tains  large  values.  At  a  sufficiently  high 
concentration  of  sensitizing  dye,  therefore, 
the  increase  in  desensitization  more  than 
offsets  the  increased  sensitization,  with  the 
result  that  an  optimum  concentration  for 
sensitization  occurs. 

This  desensitizing  action  of  dyes  is  an 
important  factor  in  determining  the  usable 
concentration  of  sensitizing  dyes.  The 
effect  varies  greatly  among  dyes,  and  to 
some  extent  with  emulsions,  and  no  clear 
relation  has  been  found  between  sensitiz 
ing  and  desensitizing  properties.  It  seems 
possible  that  this  desensitizing  action  of 
sensitizing  dyes  originates  essentially  in 
the  passage  of  energy  from  the  silver  hal- 
ide  to  the  dye  molecule  in  a  process  which 
is  the  reverse  of  that  of  spectral  sensitiza- 
tion7  but  the  phenomenon  is  at  present 
very  incompletely  understood. 

Absorption  Spectrum  of  Sensitizing 
Dyes  in  Emulsions.  In  accord  with  a 
fundamental  law  of  photochemistry  that 
only  absorbed  radiation  can  effect  photo 
chemical  action,  the  spectral  distribution 


of  dye  sensitization  is  determined  by  the 
absorption  spectrum  of  the  dye  in  its  ad 
sorbed  state  on  the  surface  of  the  silver 
halide  crystallites.  The  spectrum  of  the 
adsorbed  dye  differs  from  that  of  the  dye 
dissolved  in  organic  solvents,  and  also 
usually  changes  with  the  concentration  of 
the  dye  added  to  the  emulsion,  i.e.,  with 
the  fractional  coverage  of  the  grain  sur 
face.  Corresponding  changes  in  the  spec 
tral  distribution  of  sensitivity  with  the 
amount  of  adsorbed  dye  are  observed.7'8 
Frequently  the  spectral  sensitivity  curve 
runs  parallel  with  the  absorption  curve,9 
as  illustrated  in  Fig.  14.6,  but  since  the 
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FIG.  14.6.  The  relation  between  light  absorp 
tion  and  sensitivity  in  a  sensitized  emulsion. 

efficiency  of  sensitization  for  light  ab 
sorbed  within  the  different  absorption 
bands  of  an  adsorbed  dye  is  not  necessarily 
the  same,  exceptions  to  complete  paral 
lelism  between  absorption  and  sensitivity 

7  Leermakers,  Carroll,  and  Staud,  J.  Chem. 
Phys.  5,  878  (1937). 

s  Carroll  and  West,  Fundamental  Mechanisms 
of  Photographic  Sensitivity  (Ed.  J.  A.  Mitchell), 
Butterworths,  London,  1951,  p.  162. 

9  Leermakers,  Carroll,  and  Staud,  op.  cit. 
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as  functions  of  wave  length  may  arise 
when  the  absorption  spectrum  consists  of 
several  overlapping  bands  each  associated 
with  a  different  state  of  the  adsorbed  dye.10 

The  changes  in  the  absorption  spectrum 
of  the  adsorbed  dye  are  associated  with 
the  formation  of  aggregated  states  in 
which  the  absorbing  unit  contains  more 
than  one  dye  molecule.  The  long  conju 
gated  chains  present  in  dye  molecules  give 
rise  to  relatively  strong  intermoleeular 
forces  of  the  van  der  Waals  type  which 
cause  dye  molecules  to  associate  to  form 
dimers  and  polymers  of  greater  complex 
ity.  The  strong  solvation  forces  between 
organic  solvent  molecules  and  dye  mole 
cules  inhibit  this  association,  with  the  re 
sult  that  only  minor  changes  in  the  ab 
sorption  spectra  of  dyes  in  these  solvents 
are  usually  observed.  The  organophobic 
nature  of  water,  however,  along  with  the 
high  dielectric  constant  of  this  medium 
(which  diminishes  the  electrostatic  repul 
sion  between  similarly  charged  dye  ions  in 
a  dimer  or  aggregate)  facilitates  associa 
tion,  as  do  also  the  polar  surfaces  of  crys 
talline  salts.  The  van  der  Waals  forces 
which  hold  together  the  individual  mole 
cules  in  an  aggregate,  although  strong  for 
this  type  of  force,  are  still  relatively  weak, 
and  the  aggregates  in  aqueous  solution  are 
easily  broken  down  by  dilution  or  by  a 
moderate  increase  in  temperature — the  as 
sociation  is  reversible. 

A  sensitizing  dye  added  at  very  low  con 
centration  to  an  emulsion  exhibits  an  ab 
sorption  and  sensitization  band  displaced 
some  30  m^  to  the  long  wave-length  side 
of  the  band  in  alcoholic  solution.  Under 
these  conditions,  the  dye  appears  to  be 
adsorbed  as  isolated  molecules  sparsely 
covering  the  surface  of  the  emulsion  grains 
and  subjected  to  little  intermoleeular  in 


teraction.  The  electronic  energy  levels 
are,  however,  perturbed  by  interaction 
with  the  silver  halide — hence  the  shift  of 
30  m/A  in  the  absorption  of  isolated  mole 
cules  adsorbed  to  the  grain  compared  with 
isolated  molecules  in  solution. 

In  Fig.  14.7  are  illustrated  the  changes 
in  the  spectral  distribution  of  sensitization 
of  a  representative  eyanine  dye  as  the 
amount  of  adsorbed  dye  is  increased.  The 
topmost  spectrogram  indicates  the  spec 
tral  sensitivity  of  the  undyed  emulsion, 
extending  little  to  wave  lengths  longer 
than  500  m/i.  The  other  spectrograms  re 
late  to  dyed  emulsions  containing  increas 
ing  quantities  of  adsorbed  dye  as  one 
descends  the  series.  The  spectrogram  im 
mediately  below  that  of  the  undyed  emul 
sion  applies  to  an  emulsion  in  which  so 
little  dye  has  been  added  that  the  adsorbed 


10  West    and    Carroll,   /.   Phys.    Chem.    57,    797 
(1953). 


FIG.  14.7.  Spectral  distribution  of  sensitiza 
tion  by  a  eyanine  dye  adsorbed  at  different  con 
centrations  on  the  grains  of  the  same  emul 
sion.  The  amount  of  dye  per  unit  grain-sur 
face  increases  downwards  in  the  series  of 
spectrograms. 
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dye  is  present  as  individual  molecules 
sparsely  scattered  over  the  grain  surface 
— the  absorption  spectrum  and  the  sensi 
tization  spectrum,  M,  which  corresponds 
to  the  absorption  spectrum  are  those  of  the 
adsorbed  dye  in  the  molecular  form.  As 
more  dye  is  added,  increased  absorption 
and  sensitivity  appear  at  wave  lengths 
shorter  than  those  of  the  molecular  band — 
the  increased  concentration  necessary  for 
the  appearance  of  this  absorption  indicates 
that  the  dye  is  present  as  aggregates  of 
the  individual  molecules.  Dye  aggregates 
which  absorb  light  at  shorter  wave  lengths 
than  the  molecular  band  are  called  H-ag- 
gregates,  and  the  corresponding  absorption 
or  sensitization  band,  H-bands,  an  example 
of  which  is  indicated  by  band  H  in  Fig. 
14.7.  A  wide  variety  of  dyes  show  the 
H-state  of  aggregation  when  adsorbed  on 
silver  halides;  the  sensitizing  efficiency  of 
dyes  to  light  absorbed  within  the  H-band 
is  often  low.  A  much  smaller  group  of 
dyes  show,  with  increasing  concentration 
of  adsorbed  dye,  the  appearances  illus 
trated  in  the  lower  spectrograms  of  Fig. 
14.7.  A  type  of  aggregated  adsorbed  layer 
of  dye  molecules  appears  which  is  charac 
terized  by  a  relatively  sharp  absorption 
band  at  longer  wave  lengths  than  the  mo 
lecular  band.  Such  bands,  called  J-bands, 
were  the  first  reported  for  concentrated 
aqueous  solutions  of  l,l'-diethyl-2,2'-cya- 
nine  chloride  by  Jelley  xl  and  by  Scheibe  12 
and  have  been  observed  in  sensitization  by 
a  number  of  authors.13 

In  the  ease  illustrated  in  Fig.  14.7,  the 
J-band  first  appears  in  sensitization  at 
very  low  contrast,  indicating  that  only  a 
small  fraction  of  the  grains  contain  dye 
in  this  state.  As  more  dye  is  added  to 
the  emulsion,  more  grains  contain  dye  in 

11  Jelley,  Nature  138,  1009   (1936). 

12  Scheibe,  Zeit.  /.  angew.  Chem.  50,212  (1937). 
isSchwarz,    Sci.    et    Ind.    Phot.    10    (2),    233 

(1939). 


the  J-state  and  the  contrast  increases. 
Ultimately  the  J-band  becomes  the  strong 
est  in  the  sensitization  spectrum,  over 
lapping  other  bands  at  shorter  wave 
length. 

Sensitizing  Efficiency  and  Mechanism 
of  Spectral  Sensitization.  In  Chapter  12 
it  is  shown  that  the  primary  process  which 
accompanies  the  absorption  of  blue  or  ul 
traviolet  light  by  the  silver  halide  crystal 
lites  of  an  emulsion  is  the  liberation  of  elec 
trons  from  halide  ions  in  the  crystal,  these 
electrons  ultimately  combining  with  silver 
ions  to  form  silver  atoms  which  are  in 
corporated  into  a  minute  silver  speck 
called  the  latent  image.  The  clearest  evi 
dence  that  the  electrons  produced  by  the 
absorption  of  light  in  silver  halides  exist 
in  the  free  state  for  an  appreciable  inter 
val  of  time  is  the  fact  that  an  electric  cur 
rent  is  found  to  flow  if  a  potential  is  ap 
plied  across  an  illuminated  crystal,  even 
at  temperatures  too  low  to  permit  any 
motion  of  the  lattice  ions  of  the  crystal. 
The  crystal  is  said  to  be  photoconductive. 
A  spectrally  sensitized  emulsion  is  found 
to  be  photoconductive  on  excitation  by 
light  absorbed  by  the  dye,  as  well  as  light 
absorbed  by  the  silver  halide,  and  the 
wave-length  distribution  of  dye-induced 
photoconductivity  runs  parallel  with  that 
of  the  dye-induced  photographic  sensitiv 
ity.14  In  the  dyed  emulsion,  therefore,  it 
seems  that  light  absorbed  by  the  layer  of 
adsorbed  dye  can  be  utilized  to  form  free 
electrons  within  the  silver  halide  and  that 
the  latent  image  is  formed  from  these 
electrons  in  essentially  the  same  way  as 
it  is  formed  by  the  direct  absorption  of 
blue  light  by  the  silver  halide.  A  striking 
illustration  that  the  electrons  liberated  in 
a  dyed  grain  are  free  to  wander  through 
out  the  whole  volume  of  the  grain  is  the 


t,   Photographic   Sensitivity    (Ed.   J.   W. 
Mitchell,  Butterworths,  London,  1951,  p.   99. 
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fact  that,  as  shown  by  Berg,  Marriage,  and 
Stevens,15  the  absorption  of  light  by  the 
dye  causes  the  formation  of  latent  image 
in  the  interior  of  the  grains  as  well  as  at 
the  surface.  The  absorption  of  light  by 
the  dye  is  confined  to  the  surface,  and  any 
latent  image  formed  in  the  interior  must 
result  from  the  diffusion  of  electrons  from 
near  the  surface.  (See  also  Chapter  12.) 

When  a  dye  molecule  absorbs  light,  an 
electron  in  the  molecule  assumes  a  state  of 
higher  energy — the  molecule  is  said  to  be 
electronically  excited.  In  spectral  sensi- 
tization,  the  excited  dye  molecule  on  the 
surface  of  the  silver  halide  crystal,  in  ef 
fect,  transfers  the  energy  of  excitation  to 
the  crystal  so  that  a  free  electron  appears 
in  the  crystal.  The  details  of  the  transfer 
process  are  still  uncertain.  Two  limiting 
cases  might  occur — either  the  excited  dye 
molecule  transfers  an  electron  to  the  silver 
halide,  the  molecule  itself  being  at  least 
temporarily  chemically  changed  to  a  free 
radical  with  an  unpaired  electron,  or  else 
an  energy  transfer  from  the  excited  dye 
to  the  silver  salt  occurs,  the  dye  assuming 
its  unexcited  configuration,  and  an  elec 
tron  being  liberated  in  the  energy-rich 
silver  halide  crystal.  The  available  evi 
dence  on  these  questions  does  not  permit 
an  unequivocal  solution.16 

The  transfer  mechanism,  whatever  it 
may  be,  appears  not  to  involve  any  perma 
nent  destruction  of  the  dye.  The  print-out 
process  (i.e.,  the  formation  of  a  directly 
visible  image  of  colloidal  silver  by  high 
exposures  of  photographic  emulsions)  is 
found  to  be  capable  of  being  spectrally 
sensitized  by  dyes,  especially  if  halogen  ac 
ceptors  are  present  during  exposure  to 
prevent  accumulation  of  free  halogen.  In 
spectrally  sensitized  print-out  emulsions 
many  silver  atoms  can  be  formed  for  each 

is  Berg,  Marriage,  and  Stevens,  J.  Opt.  Soc. 
Amer.  31,  385  (1941). 

is  West,  J.  de  chim.  phys.  1958,  p.  672. 


dye  molecule  in  the  illuminated  emul 
sion.17'18  This  can  easily  be  understood 
if  the  sensitizing  process  involves  an  en 
ergy  transfer  from  the  excited  dye  mole 
cule  to  the  silver  halide;  the  excitation 
energy  is  passed  on  to  the  halide,  liberat 
ing  an  electron,  and  the  dye  reverts  to 
its  original  unexcited  state.  If  the  sensi 
tizing  process  involves  an  electronic  trans 
fer  from  the  dye,  with  a  consequent  chem 
ical  change  in  the  dye  molecule,  the  dye 
'must  be  regenerated,  probably  by  re 
gaining  an  electron  from  a  bromide  ion 
in  the  crystal.  The  final  products  in  the 
sensitizing  process  would  then  be  the  pro 
duction  of  a  free  electron  and  a  bromine 
atom  (or  "positive  hole,"  in  the  language 
of  solid  state  theory)  in  the  crystal,  the 
same  products  as  are  formed  by  the  direct 
absorption  of  light  by  the  crystal. 

In  an  undyed  bromo-iodide  emulsion, 
the  longest  wave  length  which  can  excite 
a  photographic  response  with  a  reasonable 
exposure  is  in  the  blue-green  region  of 
the  spectrum;  quanta  of  longer  wave 
length  and  less  energy  are  not  absorbed  by 
the  silver  halide  crystallites.  The  question 
therefore  arises:  How  can  the  equivalent 
of  the  energy  of  a  quantum  of  red  light 
transferred  from  a  dye  molecule  to  the 
crystal,  excite  an  electron  to  the  free  state  ? 
The  answer  appears  to  be  that  the  undyed 
halide  grain  does  contain  electrons,  pos 
sibly  associated  with  surface  sites,  in 
higher  energy  states  than  those  concerned 
in  the  normal  absorption  of  blue  light, 
and  which  therefore  can  be  liberated  with 
the  expenditure  of  less  energy  than  that 
of  a  quantum  of  blue  light. 

These  energy-rich  states  of  the  crystal, 
however,  either  because  of  their  scarcity 
or  because  of  quantum  mechanical  charac- 


17  Sheppard,  Lambert,  and  Walker,  /.  Chevn. 
PJiys.  7,  426  (1939). 

isEggert,  Meidinger,  and  Arens,  Helv.  CMm. 
Ada  31,  1163  (1948). 
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teristics  which  cause  a  very  low  probability 
of  electronic  excitation  to  the  free  state  by 
the  absorption  of  radiant  energy,  do  not 
contribute  appreciably  to  the  absorption 
of  the  crystal.  When  an  adsorbed  dye 
molecule  becomes  coupled  to  one  of  these 
energy  rich  states,  the  two  components 
form  a  single  system.  If  now  the  adsorbed 
dye  absorbs  a  quantum  of  light  of  suf 
ficient  energy  to  raise  the  electron  from 
the  coupled  crystal  state  to  the  free  condi 
tion,  there  may  be  a  high  probability  of 
energy  transfer  from  the  electrons  of  the 
dye  molecule  to  the  electron  in  the  coupled 
crystal  state.  The  dye  then  reverts  to 
its  normal  uiiexcited  state  and  the  elec 
tron  in  the  crystal  state  becomes  free  and 
able  to  enter  into  latent  image  formation 
in  the  same  way  as  one  liberated  from  the 
lower  crystal  states  which  can  directly  ab 
sorb  blue  or  ultraviolet  light. 

The  transfer  process  to  the  grain  oc 
curs,  however,  in  competition  with  other 
processes  by  which  the  electronically  ex 
cited  dye  molecule  may  lose  its  energy  of 
excitation,  such  as  fluorescence  of  the  dye. 
Here  the  dye  simply  reradiates  the  ab 
sorbed  energy  without  transferring  it;  in 
ternal  degradation  of  the  electronic  energy 
of  excitation  to  vibrational  motions  within 
the  dye  molecule  may  occur,  whereby  the 
absorbed  energy  appears  in  the  photo 
graphically  useless  form  of  heat.  It  is  also 
possible  for  the  excited  dye  molecule  to 
transfer  its  energy  to  some  other  compo 
nent  in  the  system  than  the  silver  halide, 
again  with  loss  of  photographic  efficiency. 

The  quantum  efficiency  of  photographic 
sensitizing  may  be  defined  as  the  prob 
ability  that  a  quantum  of  light  energy, 
absorbed  by  the  dye,  will  be  effectively 
transferred,  as  energy  or  as  an  electron, 
to  the  silver  halide.  It  is  difficult  to  make 
an  absolute  determination  of  this  quantity, 
but  a  value  for  the  quantum  efficiency  of 
the  transfer  of  the  dye  relative  to  the 


quantum  efficiency  of  utilization  of  energy 
directly  absorbed  by  the  silver  salt  can  be 
readily  determined  by  comparing  the  num 
ber  of  quanta  of  absorbed  light  within  the 
spectrally  sensitized  region  required  to 
produce  a  given  developed  density  with 
the  number  of  quanta  of  blue  light  directly 
absorbed  by  the  halide  required  to  produce 
the  same  density.  Relative  quantum  ef 
ficiencies  of  sensitization  approaching 
unity  are  found  for  some  dyes — a  light 
quantum  absorbed  by  the  dye  is  nearly  as 
effective  photographically  as  one  absorbed 
directly  by  the  silver  halide.  Efficiencies 
greater  than  unity  are  not  found,  and  the 
value  of  the  efficiency  can  have  any  value 
from  unity  downwards.19  Moreover,  the 
same  dye,  in  different  states  of  aggregation 
in  the  same  emulsion,  may  show  different 
efficiencies.20 

Some  dyes  transfer  their  absorbed  en 
ergy  efficiently  to  the  silver  halide,  but  also 
desensitize  strongly;21  the  sensitivity  in 
the  spectrally  sensitized  region  is  com 
parable  with  that  for  light  absorbed  by 
the  silver  halide,  but  desensitizing  proc 
esses  involving  the  dye  after  the  transfer 
act  interfere  with  the  formation  of  latent 
image  with  a  consequent  decrease  in  sensi 
tivity  in  both  spectral  regions. 

Apart  from  the  transfer  process  from 
adsorbed  dye  to  the  silver  halide,  transfer 
of  energy  from  one  dye  molecule  to  an 
other  in  the  adsorbed  dye  layer  plays  a 
significant  part  in  spectral  sensitization, 
especially  when  the  dye  is  present  as  J- 
or  H-aggregates.  In  the  aggregated  state, 
the  sensitizing  efficiency  of  the  dye  is  often 
lower  than  for  the  same  dye  adsorbed  at 
low  concentration  in  the  unaggregated 

is  Leermakers,  J.  Chem.  Phys.  5,  889  (1937). 
Spence  and  Carroll,  op.  cit.  Leermakers,  Carroll, 
and  Stauci,  op.  cit. 

20  West   and    Carroll,   J.   Chem.   Phys.    19,    417 
(1951). 

21  Spence  and  Carroll,  op.  cit. 
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state,  indicating  that  some  dissipative 
process  occurs  in  the  aggregated  layer.  In 
such  cases  the  efficiency  can  frequently  be 
markedly  increased  by  the  addition  of 
small  amounts  of  certain  foreign  sub 
stances,  which  need  not  necessarily  absorb 
visible  light,  in  a  ratio  to  the  amount  of 
sensitizer  as  low  as  a  few  per  cent.  Such 
foreign  substances,  which  increase  the 
sensitization  of  the  dye  without  themselves 
adding  to  the  absorption,  are  called  super- 


sensitizer s  and  the  process  is  called  super- 
se nsit izat io n.  Supersensitizers  sometimes 
increase  the  absorption  of  the  sensitizer  by 
increasing  the  degree  of  aggregation,  but 
the  main  effect  is  to  increase  the  efficiency 
of  utilization  of  the  energy  absorbed  by 
the  dye.  In  an  aggregated  layer  of  dye, 
the  energy  absorbed  by  any  given  molecule 
appears  to  migrate  rapidly  through  the 
layer  in  a  process  called  exciton  motion. 
In  the  absence  of  foreign  molecules  in  the 
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FIG.  14.8.     Effect  of  temperature  on  sensitivity  of  optically  sensitized  emulsions. 
(Evans,  /.  Opt.  Soc.  Amer,  12,  214  (1942).) 
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TABLE  14.1      RATIO  OF  EFFICIENCY  OF  SENSITIZEK  AT 

TEMPERATURE,   t,    TO   ITS   EFFICIENCY   AT 

ROOM   TEMPERATURE 


Emul- 

Wave  Length 
in  Sensitized 

T  (°C.) 

Ratio 

T   °C> 

Ratio 

Region,  m^ 

II 

560 

-76 

1/10 

-190 

1/550 

III 

560 

-76 

1 

-190 

1/5 

IV 

620 

-70 

1 

-190 

1/20 

V 

620 

-76 

1 

-190 

1/4 

VI 

630 

-76 

1/2 

-190 

1/60 

Emulsion  II 
Emulsion  III 
Emulsion  IV 
Emulsion  V 
Emulsion  VI 
Emulsion  VII 


Orthochromatic 

Orthochromatic 

Panchromatic 

Panchromatic 

Panchromatic 

Panchromatic 


Coarse  grain 
Coarse  grain 
Fine  grain 
Coarse  grain 
Coarse  grain 
Medium  grain 


Medium  speed 
Very  high  speed 
Medium  speed 
High  speed 
Very  high  speed 
Medium  speed 


layer,  the  probability  of  interaction  of  the 
rapidly  wandering  exciton,  or  state  of 
excitation,  with  the  grain  is  very  low,  and 
ultimately  much  of  the  energy  is  degraded 
to  heat  within  the  dye  layer.  If  a  foreign 
molecule  is  present  in  the  layer,  the  ex 
citon  may  be  trapped  in  its  neighborhood 
until  it  has  time  to  interact  with  the  halide 
in  such  a  way  that  the  transfer  process 
takes  place.22 

The  opposite  effect  to  supersensitization, 
namely  a  decrease  in  efficiency  of  transfer 
to  the  silver  salt  in  the  presence  of  foreign 
molecules,  is  also  observed.  If  the  elec 
tronic  levels  of  the  foreign  molecule  are 
such  that  it  may  undergo  an  electronic 
transition  by  utilizing  the  energy  avail 
able  in  the  excited  dye  molecule,  energy 
may  be  transferred  from  the  dye  to  the 
foreign  molecule  with  high  probability. 
The  foreign  molecule  might  then  pass  on 
the  energy  to  the  halide,  in  which  case 
there  is  no  decrease  in  efficiency,  but  the 
energy-rich  foreign  molecule  may  degrade 
its  electronic  energy  to  heat,  with  a  conse 
quent  inhibition  of  spectral  sensitization. 
Certain  dyes  are  found  to  act  in  this  way 
— small  quantities  of  these  dyes  added  to 
the  sensitizer  strongly  repress  sensitiza 
tion.22  These  dyes  are  called  antisensitiz- 

22  West  and  Carroll,  op.  cit. 


ers,  and  the  phenomenon,  antisensitiza- 
tion.  Cyanine  dyes  containing  bulky  sub- 
stituents  which  force  the  heterocyclic  nu 
clei  from  coplanarity  are  very  poor  sensi- 
tizers  2S  and  strongly  depress  the  sensitiza 
tion  of  related  planar  sensitizing  dyes  by 
antisensitization.22 

In  nonplanar  dye  molecules  the  energy 
of  electronic  excitation  appears  to  be  very 
readily  degraded  to  heat,  probably  by  con 
version  to  the  energy  of  torsional  vibra 
tions.  This  deactivation  of  the  excited 
state  prevents  the  transfer  of  energy  from 
adsorbed  nonplanar  molecules  to  silver 
halide,  and  if  such  a  nonplanar  molecule 
should  be  adjacent  to  a  planar  sensitizing 
molecule,  the  transfer  of  energy  absorbed 
by  the  latter  molecule  to  the  nonplanar 
molecule  will  compete  with  transfer  to 
the  silver  halide.  Once  excitation  energy 
has  been  transferred  to  the  nonplanar  dye 
it  is  useless  photographically,  being  de 
graded  to  heat  within  the  latter  molecule. 

Effect  of  Temperature  on  Spectral  Sen 
sitization.  As  a  general  rule,  the  sensitiv 
ity  of  photographic  emulsions  decreases  at 
low  temperatures.  Figure  14,8  from  a 
paper  by  Evans24  summarizes  the  tem 
perature  dependence  of  sensitivity  of  a 
number  of  spectrally  sensitized  emulsions 
as  a  function  of  wave  length.  In  general, 
the  loss  of  sensitivity  at  low  temperatures 
in  the  spectrally  sensitized  region  is 
greater  than  in  the  blue,  although  for  some 
dyes  the  difference  between  25  °C.  and 
-  75  °C.  is  small.  In  Table  14.1  are  listed 
the  ratios  of  the  loss  in  sensitivity  at  wave 
length  400  m/A  to  that  in  the  spectrally 
sensitized  region.  Part  of  the  loss  in  sensi 
tivity  at  low  temperature  is  the  result  of 
diminished  absorption  of  light,  but  a  true 
decrease  in  the  relative  quantum  efficiency 
of  spectral  sensitization  is  indicated. 


asBrooker,   White,   Heseltine,    Keys,    Dent    Jr., 
and  Van  Lare,  J.  Phot.  Sci.  1,  173   (1953). 
24  Evans,  J.  Opt.  Soc.  Amer.  42,  214   (1942). 
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Serialization.  The  term  solarization  was 
applied  originally  to  the  bronze  appear 
ance  of  the  shadows  produced  on  printing- 
out  papers  of  silver  chloride  by  great 
overexposure.  It  is  more  generally  used 
today  to  describe  the  condition  in  which 
increases  in  exposure  reduce,  instead  of  in 
crease,  the  density  obtained  on  develop 
ment.  In  other  words,  the  effect  of  in 
creased  exposure  is  to  prevent  some  of  the 
crystals  of  silver  halide  from  developing. 

The  exposure  required  to  produce  solar 
ization  varies  greatly  with  the  emulsion. 
Ordinarily  it  is  not  encountered  in  ordi 
nary  photography,  although  special  emul 
sions  have  been  produced  to  make  prac 
tical  use  of  solarization  (direct  positive 
materials).  The  occurrence  of  solarization 
depends  also  on  the  developer  and  the  de 
gree  of  development.  Solvents  of  silver 
halide  tend  to  prevent  solarization,  and 
the  sodium  sulfite  of  the  developer  ordi 
narily  has  sufficient  solvent  action  to  pre 
vent  its  appearance.  It  is  prevented  en 
tirely  by  solvents,  such  as  hypo  and  the 
thiocyanates,  and  by  halogen  acceptors, 
such  as  hydrazine  or  sodium  nitrite.  It 
also  tends  to  disappear  as  development  is 
prolonged,  and  thus  the  solarization  ap 
pearing  early  in  development  may  be  re 
moved  before  development  is  completed. 
Solarization  is  apparently  caused  by  the 
rehalogenization  of  the  latent  image.  Un 
der  ordinary  conditions  the  bromine 
formed  on  exposure  reacts  at  the  surface 
of  the  crystal  with  the  surrounding  gela 
tin;  but,  with  an  exposure  sufficient  to 
produce  solarization,  the  amount  of  bro 
mine  formed  is  so  great  that  the  latent 


image  nucleus  becomes  coated  with  a  layer 
of  silver  bromide  which  makes  it  difficult 
for  the  developing  solution  to  reduce  the 
crystal  to  silver.  According  to  this  the 
ory,  solvents  of  silver  halide  reduce,  or 
prevent,  solarization  by  dissolving  the  sil 
ver  bromide  layer  and  allowing  the  latent 
image  nucleus  to  function  as  a  center  for 
development. 

The  Herschel  Effect.  In  1839  Herschel 
observed  that  the  image  on  a  silver  chlo 
ride,  printing-out  paper  was  bleached  out 
upon  exposure  to  red  light.  The  bleach 
ing  of  the  latent  image  by  long-wave  radia 
tion,  which  is  beyond  the  sensitivity  of  the 
emulsion,  is  now  termed  the  Herschel 
effect. 

Destruction  of  the  latent  image  occurs 
also  when  a  blue  sensitive  material  is  ex 
posed  first  to  blue  light  and  then  to  red. 
The  wave-length  range  of  the  second  ex 
posure  is  not  critical  as  long  as  it  is  beyond 
the  normal  spectral  sensitivity  of  the  emul 
sion.  Thus  dye  sensitized  materials  are 
only  slightly  affected. 

The  Herschel  effect  may  be  due  to  the 
absorption  of  the  longer  wave  radiation 
by  the  latent  image  centers,  resulting  in 
the  ejection  of  electrons  into  the  silver 
halide.  The  unneutralized  silver  ions  then 
move  away  reducing  the  size  of  the  center 
until  it  becomes  too  small  to  promote  de 
velopment. 

Practical  use  has  been  made  of  the  Her 
schel  effect  in  the  manufacture  of  papers 
which  produce  positive  copies  of  engineer 
ing  drawings  and  printed  matter  directly. 
If  developed  without  exposure  to  light, 
these  materials  darken  all  over.  Exposure 
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to  yellow  light  destroys  the  exposed  image 
producing  a  positive  copy.  The  amount  of 
exposure  required  may  be  much  less  than 
ordinarily  required  to  produce  the  same 
effect  by  solarization. 

The  Clayden  Effect.  In  1900,  A.  W. 
Clayden  discovered  that  if  a  short  ex 
posure  to  an  intense  source  of  light,  such 
as  lightning,  or  an  electric  spark,  is  fol 
lowed  by  a  second  exposure  for  a  longer 
period  to  a  source  of  low  intensity,  the 
first  exposure  may  be  reversed  producing 
black  lightning.  Practical  use  has  been 
made  of  this  effect  to  produce  local  desensi- 
tization  of  an  emulsion  for  the  reproduc 
tion  of  a  photochemical  screen  in  the  emul 
sion  itself.1 

It  should  be  noted,  however,  that  com 
plete  reversal  does  not  always  occur.  The 
second,  low-intensity,  exposure  may  simply 
have  less  effect  in  the  pre-exposed  areas. 
What  usually  happens  is  that  the  density 
from  the  two  exposures  is  less  than  that  of 
the  second  causing  the  image  to  appear 
reversed. 

The  similar  effect  produced  when  ex 
posure  to  X-rays  is  followed  by  exposure 
to  light  is  known  as  the  Villard  effect 
(1900)  and  is  simply  a  special  form  of  the 
Clayden  effect. 

The  simplest  explanation  for  these  ef 
fects  is  that  the  high-intensity  exposure 
produces  an  internal  latent  image  and 
that  these  nuclei  in  the  interior  of  the 
crystal  compete  with  the  sensitivity  centers 
on  the  surface  of  the  crystal  for  the  elec 
trons  formed  by  the  second  exposure. 
Thus,  the  attraction  of  the  internal  latent 
image  for  the  electrons  liberated  by  the 
second  exposure  may  be  sufficient  to  leave 
less  of  a  surface  latent  image  than  would 
be  formed  by  the  second  exposure  alone. 


1U.S.P.    2,756,148,    Me  Williams    and    Eastman 
Kodak   Co, 


FIG.  15.1.     The  Sabattier  effect.     At  the  left 
is    the    original    (nonreversed)    image:    at    the 
right   the   partially   reversed   image.      (Photo 
graphs  by  Robert  Bellows.) 

The  Sabattier  Effect.  If  a  photographic 
material  is  exposed,  developed,  washed  but 
not  fixed  and  then  exposed  to  diffused 
light  and  again  developed,  a  positive  image 
or  a  combination  of  a  positive  and  a  nega 
tive  image  is  obtained.  This  is  known  as 
the  Sabattier  effect  (Sabattier  1850).  Re 
versal  of  the  image  under  these  conditions 
is  due  primarily  to  the  screening  action  of 
the  negative  image  in  the  exposure  of  the 
silver  halide  present  which  then  develops 
to  form  a  positive  image.  Careful  experi 
ments  have  shown,  however,  that  a  positive 
may  be  obtained  when  there  is  no  screen 
ing  action  by  the  negative  image.  It  is 
now  believed  that  the  Sabattier  effect  may 
be  due  in  part  to  desensitization  by  metal 
lic  silver  formed  in  the  development  of 
the  negative  image,  although  in  practice 
the  primary  cause  is  the  printing  of  the 
negative  image  on  the  silver  halide  re 
maining  in  the  emulsion  layer. 

Use  is  made  of  the  Sabattier  effect  by 
pictorialists  to  produce  partially  reversed 
images  (Fig.  15.1).  The  process  is  usu- 
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ally,  but  incorrectly,  described  as  solariza- 
tion. 

The  Albert  Effect,  In  1899  Albert 
found  that  if  a  wet-collodion  plate  is  over 
exposed  and  then  placed  in  nitric  acid,  a 
positive  image  may  be  obtained  by  expos 
ing  the  plate  to~  white  light  and  developing. 
This  is  termed  the  Albert  effect.  Gelatin 
emulsions  behave  the  same  way,  and  chro 
mic  acid,  ammonium  persulfate,  and  acid 
potassium  bichromate  are  effective. 

Reciprocity  Effect.  Bunsen  and  Eoscoe, 
in  1876,  found  that  the  darkening  of  silver 
chloride  depends  upon '  the  total  energy 
absorbed  and  thus  is  the  product  of  time 
and  intensity.  Their  investigations  indi 
cated  that  the  photographic  effect  is  inde 
pendent  of  either  time  or  intensity  as 
long  as  the  product  of  the  two  remains 
constant.  This  is  the  reciprocity  law. 

The  reciprocity  law  holds  for  any  pri 
mary  photochemical  reaction,  but  it  does 
not  hold  for  processes  involving  develop 
ment  of  a  latent  image  if  the  optical  den 
sity  is  used  as  a  measure  of  the  photo 
graphic  effect.  In  this  case,  density  de 


pends  upon  the  actual  values  of  intensity 
and  time  and  not  on  the  product  of  the 
two.  This  is  known  as  the  failure  of  the 
reciprocity  law. 

The  departure  of  a  photographic  mate 
rial  from  the  reciprocity  law  is  usually 
represented  by  curves  in  which  the  total 
exposure  IT,  for  various  values  of  /  and 
T,  is  plotted  against  log  I.  When  the 
reciprocity  law  holds,  as  in  the  classical 
investigations  of  Bunsen  and  Eoscoe,  this 
curve  is  a  straight  line.  With  negative 
materials,  however,  the  curve  is  of  the 
general  shape  shown  in  Fig.  15.2.  The 
lines  running  at  an  angle  of  45°  to  the 
coordinates  represent  constant  exposure 
times. 

The  amount  of  departure  from  the  reci 
procity  law  is  apparently  a  characteristic 
of  the  emulsion  but  does  not  correlate 
very  well  with  other  emulsion  character 
istics.  Reciprocity  failure  varies  with  the 
wave  length  of  the  source  of  radiation  by 
which  the  exposure  is  made,  but  the  rela 
tionship  is  a  comparatively  simple  one: 
the  relative  exposure  required  to  produce 
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PIG.  15.2.     Curves  representing  the   reciprocity  law  failure   at  various  wave 
lengths  for  a  representative  negative  emulsion. 
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a  given  density  for  two  different  wave 
lengths  remains  constant  as  the  time  of 
exposure  is  varied.  In  other  words,  the 
spectral  sensitivity  of  an  emulsion  is  in 
dependent  of  exposure  time  in  the  sense 
that  the  relative  amounts  of  exposure  re 
quired  to  produce  the  same  density  at  two 
wave  lengths  remain  constant  for  any 
time  of  exposure  provided  that  the  ex 
posure  times  for  the  two  wave  lengths  are 
the  same.2 

The  failure  of  the  reciprocity  law  at 
low  intensities  appears  to  be  due  to  a  dif 
ferent  mechanism  than  at  high  intensities. 
At  low  intensities  a  reasonable  assump 
tion  is  that  the  silver  center  in  the  early 
stages  of  its  formation  is  unstable,  and 
that  it  becomes  stable  only  on  reaching 
developable  size.  Thus,  with  a  low-in 
tensity  exposure  the  center  is  formed 
slowly  and  during  this  time  there  is  a 
tendency  for  it  to  disintegrate  through 
the  loss  of  electrons  into  the  surrounding 
silver  halide,  followed  by  the  diffusion  of 
the  silver  ions. 

The  failure  of  the  reciprocity  law  at 
high  intensities  is  explained  in  accord 
ance  with  the  Gurney-Mott  theory  as  be 
ing  due  to  the  slow  migration  of  the  silver 
ions  to  the  sensitivity  center.  At  high- 
intensity  exposures,  it  is  assumed  that 
this  does  not  occur  with  sufficient  rapidity 
to  prevent  immediate  neutralization  of  the 
electronic  charges  as  they  are  trapped  by 
the  sensitivity  centers.  The  negative 


s,  The  Theory  of  the  Photographic  Proc 
ess,  The  MacmiUan  Co.,  New  York,  1942,  p.  249. 


charge  on  the  sensitivity  center  thus  limits 
the  trapping  of  electrons  to  the  rate  at 
which  silver  ions  reach  the  sensitivity 
center.  This  results  in  a  high  concentra 
tion  of  electrons  in  the  grain  which  may 
cause  latent  image  centers  to  be  formed  in 
scattered,  shallow  traps  instead  of  deep 
traps,  as  normally  occurs ;  or  the  electrons 
may  return  to  the  bromine  ion  and  be 
lost  for  latent  image  formation. 

The  practical  consequences  of  reciproc 
ity  law  failure  are  discussed  elsewhere. 

The  Intermittency  Effect.  Closely  con 
nected  with  the  failure  of  the  reciprocity 
law  is  the  "intermittency  effect'7  discov 
ered  by  Abney,  who  found  that  the  pho 
tographic  effect  of  an  intermittent  expo 
sure  is  not  equal  to  a  continuous  exposure 
for  the  same  time  but  differs  by  an 
amount  which  depends  upon  the  degree  of 
intermittency  and  the  speed  of  the  sensi 
tive  material.  Later  studies  have  shown 
that  the  intermittency  effect  depends  on 
the  rate  of  intermittency  and  the  intensity 
level  of  exposure.  The  photographic  ef 
fect  of  an  intermittent  exposure  lies  be 
tween  the  effect  produced  by  a  continuous 
exposure  with  an  intensity  equal  to  that 
of  the  light  used  in  the  intermittent  ex 
posure  and  a  continuous  exposure  of  in 
tensity  equal  to  the  average  intensity  over 
both  the  light  and  dark  periods.  An 
intermittent  exposure  and  a  continuous 
exposure  of  the  same  average  intensity 
produce  an  equal  photographic  result  if 
the  degree  of  intermittency  is  above  a 
certain  critical  level  which  varies  with 
the  intensity. 
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The  development  of  the  photographic 
latent  image  is,  of  course,  tied  up  very 
closely  with  the  nature  of  the  latent  image 
itself.  The  process  is  essentially  the  reduc 
tion  of  grains  of  exposed  silver  halide  to 
metallic  silver  according  to  the  equation: 

Ag+  +  electron  =  Ag  (metal) 

During  normal  development  only  exposed 
grains  containing  a  latent  image  are  re 
duced.  The  question  is  often  asked,  ''Why 
does  a  developer  not  develop  the  unexposed 
as  well  as  the  exposed  grains?"  Actually, 
if  development  is  extended  over  a  long 
enough  period  of  time,  all  grains  are  de 
veloped.  Thus,  the  development  of  the 
latent  image  is  a  rate  phenomenon,  the  de 
velopment  of  the  exposed  grains  taking 
place  at  a  greater  rate  than  the  develop 
ment  of  the  unexposed  grains. 

In  order  for  a  reducing  agent  to  be  a 
developer  it  must  fall  within  the  proper 
range  of  reducing  power.  If  it  is  too  weak 
a  reducing  agent  it  cannot  reduce  silver 
halide  at  all,  and  if  it  is  too  powerful  it 
will  immediately  reduce  the  unexposed 
grains  as  well  as  the  exposed  grains.  Cer 
tain  organic  reducing  agents  such  as  p- 
methylaminophenol,  hydroquinone,  cate- 
chol,  paraphenylenediamine,  and  inorganic 
reducing  agents  such  as  ferrous  oxalate 
fall  within  the  proper  range  and  are  de 
velopers.  The  strong  reducing  agents  such 
as  sodium  stannite  and  hydrosulfite  are 
too  potent  and  completely  reduce  or  fog  all 
the  grains  in  the  emulsion. 

Although  there  are  many  types  of  de 
velopers  there  are  only  two  basic  types  of 
development.  These  are  known  as  chem 


ical  development  and  physical  develop 
ment.  In  a  physical  developer  the  silver 
which  is  reduced  is  supplied  by  silver  ions 
in  the  solution  itself.  In  chemical  develop 
ment  the  grains  of  the  emulsion  are  them 
selves  reduced.  Most  normal  chemical  de 
velopers  contain  some  silver  halide  solvent 
so  that  some  of  the  grains  can  be  dissolved 
and  be  reduced  from  solution  by  physical 
development.  In  many  cases  this  "solu 
tion  physical  development7'  is  an  impor 
tant  part  of  the  development  process. 

In  the  early  days  of  photography  when 
collodion  emulsions  were  in  use,  physical 
development  was  the  only  type  used,  but 
now  it  is  used  only  in  rare  instances,  mainly 
for  experimental  purposes  in  the  investiga 
tion  of  the  development  process  and  the 
nature  of  the  latent  image. 

Physical  Development.  A  physical  de 
veloper  contains  a  reducing  agent,  an  ordi 
nary  photographic  developer,  and  a  source 
of  silver  ions.  The  concentration  of  the 
silver  ions  and  the  reducing  power  of  the 
reducing  agent  must  be  properly  balanced. 
In  acid  solution,  most  developers  are  rather 
weak  reducing  agents,  and  silver  nitrate 
itself  may  be  used  as  the  source  of  silver 
ions.  In  alkaline  solutions,  the  developers 
are  more  potent  reducing  agents  and  com- 
plexing  agents,  such  as  sulfite  or  hypo, 
must  be  used  along  with  silver  nitrate  to 
keep  the  silver  ions  at  a  low  concentration. 
In  either  case,  the  physical  developer  solu 
tion  is  fairly  unstable  and  in  time  will 
deposit  metallic  silver  all  over  the  con 
tainer  and  throughout  the  solution.  How 
ever,  this  deposition  of  silver  is  greatly 
speeded  up  by  the  presence  of  specks  of 
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silver.  Eeinders  and  Hamburger  x  deter 
mined  the  size  of  the  silver  specks  which 
were  required  to  initiate  the  deposition  of 
silver  from  a  physical  developer  and  con 
cluded  that  four  atoms  were  sufficient. 
Arens  and  Eggert 2  studied  the  amount  of 
silver  deposited  in  the  presence  of  a  silver 
sol  and  found  that  the  amount  was  a  func 
tion  of  the  number  of  specks  of  silver 
rather  than  their  size.  The  same  relation 
was  observed  for  gold  sols. 

Bullock 3  investigated  the  amount  of  ex 
posure  which  an  ordinary  photographic 
plate  required  to  be  developed  by  physical 
development  and  found  that  it  was  ap 
proximately  five  times  that  required  for 
ordinary  chemical  development.  He  used 
a  slow  type  of  emulsion.  There  is  evidence 
that  a  greater  differential  is  required  for 
faster  emulsions.  Thus,  the  fact  that  an 
exposed  emulsion  can  be  developed  in  a 
physical  developer  cannot  be  taken  as  evi 
dence  that  the  latent  image  for  chemical 
development  is  composed  of  metallic  silver. 

That  the  latent  image  for  physical  de 
velopment  is  metallic  silver  can  hardly  be 
questioned.  Further  evidence  is  derived 
from  the  fact  that  even  after  it  is  fixed  an 
exposed  emulsion  can  be  developed  in  a 
physical  developer.  This  is  known  as  post- 
fixation  physical  development  as  opposed 
to  the  normal  or  pre-fixation  physical  de 
velopment.  In  fixing  the  film  for  post- 
fixation  physical  development,  great  care 
must  be  taken  to  avoid  dissolving  away 
some  of  the  fine  particles  of  the  latent- 
image  silver.  In  this  dispersed  condition 
the  silver  is  quite  easily  oxidized  and  the 
fixing  agents  which  complex  the  silver  ion 

1  Reinders   and   Hamburger,  Z.   wiss  Phot.  31, 
32    (1932);   Hid.  31,  265    (1933). 

2  Arens   and   Eggert,   Z.  Elektrochem.   35,   728 
(1929). 

s  Bullock,  E.  R.,  Chemical  Eeaetions  of  the 
Photographic  Latent  Image,  Monograph  No.  6 
on  the  Theory  of  Photography,  Eastman  Kodak 
Co.,  Rochester,  New  York  (1927). 


aid  the  oxidation.  Owing  to  the  partial 
loss  of  silver  during  fixing,  the  conclusions 
drawn  from  a  good  deal  of  the  experi 
mental  work  done  with  post-fixation  physi 
cal  development  are  subject  to  question. 

The  nature  of  the  mechanism  of  physical 
development  has  been  the  subject  of  much 
speculation.  One  of  the  first  theories, 
generally  held  for  many  years,  was  the 
super  saturation  theory  proposed  by  Ost- 
wald.4  It  was  supposed  that  the  developer 
reduced  some  of  the  silver  ions  to  metallic 
silver  which  remained  in  solution  in  the 
supersaturated  state.  This  supersatura- 
tion  prevented  the  further  reduction  of 
silver  ions.  In  the  presence  of  metallic 
silver  specks  the  supersaturated  solution 
of  silver  deposited  metallic  silver,  which 
relieved  the  supersaturation  and  allowed 
more  silver  to  be  reduced,  etc.  The  second 
important  theory  was  based  on  the  cata 
lytic  action  of  the  silver  speck  in  increas 
ing  the  rate  of  reduction  of  silver  ion 
rather  than  the  deposition  of  silver.  This 
catalytic  action  was  explained  in  a  differ 
ent  manner  by  different  investigators,  but 
for  the  most  part  it  was  assumed  that  the 
developer  was  adsorbed  by  the  silver  and 
the  resulting  increase  in  concentration  of 
the  developer  caused  the  increased  rate  of 
reduction. 

James  5  investigated  the  rate  of  forma 
tion  of  silver  from  silver  ion  in  solution 
by  a  number  of  developing  agents.  He 
found  that  in  the  presence  of  silver  specks 
the  rate  was  a  linear  function  of  the  con 
centration  of  certain  developing  agents, 
the  normal  characteristic  of  a  homogeneous 
reaction.  However,  the  rate  was  a  frac 
tional  power  of  the  silver  ion  concentra 
tion.  This  is  characteristic  of  heterogene- 

*  Ostwald,  W.,  Lehrluch  tier  allgemeinen  Chemie, 
2nd  Ed.,  Engelmann,  Leipzig,  1893,  Band  II, 
Teil  1:  1078. 

s  James,  J.  Amer.  Chem.  Soc.  61,  648  (1939). 
James,  ibid.,  2379  (1939). 


CHEMICAL  DEVELOPMENT 


223 


ous  reactions  in  which  adsorption  occurs 
and  can  be  taken  as  very  strong  evidence 
that  adsorption  of  silver  ions  to  the  specks 
plays  the  major  role  in  physical  develop 
ment.  This  result  is  in  agreement  with 
the  catalytic  theory  mentioned  earlier  and 
is  in  opposition  to  the  supersaturation 
theory. 

Chemical  Development.  Chemical  de 
velopment,  or  the  reduction  of  the  exposed 
silver  halide  grains  in  an  emulsion,  is  quite 
different  in  nature  from  physical  develop 
ment.  There  have  been  a  number  of  theo 
ries  formulated  to  explain  its  mechanism. 
These  have  varied  according  to  the  theory 
of  the  nature  of  the  latent  image  held  by 
the  various  investigators  and  according  to 
the  variety  of  facts  observed  about  the 
characteristics  of  development  under  a 
variety  of  conditions.  The  kinetics  of  de 
velopment  are  influenced  by  a  large  num 
ber  of  variables — total  salt  content  of  the 
developer  solution,  pH,  the  developing 
agent  itself,  certain  dyes,  oxidation  prod 
ucts  of  the  developer,  bromide,  antifog- 
gants,  silver  halide  solvents,  and  a  num- 


FIG.  16.1.     The    filamentary    structure    of    the 

silver  formed  by  the  development  of  a  silver 

halide  grain  with  amidol.     X  40,000. 


FIG.  16.2.     Electron  micrograph  of  silver  pro 
duced  by  physical  development. 

ber  of  others.  Interpretation  of  the  results 
of  many  experiments  has  frequently  been 
confused  by  some  of  these  factors  that  were 
unknown  at  the  time.  It  is  only  in  recent 
years  that  a  number  of  these  variables 
have  been  correlated  to  form  a  fairly  clear 
picture  of  the  development  process. 

The  theory  of  the  mechanism  of  chemi 
cal  development  which  was  most  generally 
held  in  the  early  days  was  the  supersatura 
tion  theory  mentioned  earlier  in  relation 
to  physical  development.  There  is  now 
much  evidence  against  this  theory,  the 
most  conclusive  of  which  is  that  obtained 
by  means  of  the  electron  microscope.  Un 
til  fairly  recently  the  appearance  of  the 
individual  grains  of  a  developed  emulsion 
was  described  as  being  coke-like,  a  solid 
chunk.  However,  with  the  higher  magni 
fication  which  is  possible  with  the  electron 
microscope,  it  has  been  found  that  the  de 
veloped  grain  is  composed  of  a  large  num 
ber  of  tiny  filaments  so  that  it  looks  like 
a  mass  of  seaweed,  as  shown  in  Fig,  16.1. 
In  the  case  of  physical  development,  the 
electron  microscope  shows  that  the  silver 
is  deposited  in  small  chunks  as  shown  in 
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Fig.  16.2.6  This  indicates  that  entirely 
different  mechanisms  are  effective  in  the 
two  cases.  This  evidence  in  itself  does 
not  refute  the  Ostwald  supersaturation 
theory  for  physical  development,  but  it  is 
very  difficult  to  see  how  that  theory  would 
account  for  the  formation  of  the  filamen 
tary  silver  by  chemical  development. 

Bancroft7  suggested  the  adsorption 
theory  of  development.  If  the  exposed 
grains  adsorb  developer  more  strongly 
than  the  unexposed,  then  they  will  be  de 
veloped  more  rapidly.  This  theory  has 
been  modified  in  many  ways  by  various 
investigators,  including  the  restriction  of 
the  adsorption  of  the  developer  to  the 
silver  halide,  to  the  silver  specks  of  the 
latent  image,  or  to  the  interface  between 
the  two. 

Studies  of  the  induction  period,  the  time 
between  the  immersion  of  film  in  a  de 
veloper  and  the  appearance  of  the  image, 
have  been  the  subject  of  many  experi 
ments.  Lainer  8  found  that  small  amounts 
of  iodide  in  a  developer  caused  a  signifi 
cant  decrease  in  the  induction  period  with 
a  hydroquinone  developer.  Liippo-Cra- 
mer9  explained  this  on  the  basis  of  the 
fact  that  iodide,  which  forms  a  silver  salt 
less  soluble  than  silver  bromide,  tended  to 
crack  the  grains  and  lay  bare  some  of  the 
latent-image  specks.  Others  explained  it 
by  the  assumption  of  increased  developer 
adsorption  by  the  iodide;  many  dyes  are 
more  strongly  adsorbed  by  silver  iodide 
than  by  silver  bromide.  It  was  also  ob 
served  that  certain  basic  dyes  had  the  same 
effect.  It  was  found  that  neither  dyes  nor 
iodide  gave  the  accelerating  effect  with  a 
metol  developer,  but  both  did  with  para- 

e  James  and  Vanselow,  Phot.  Sci.  and  Eng.  1, 
No.  3,  104  (1958). 

7  Bancroft,  Trans.  Farad.  Soc.  19,  243   (1923). 

s  Lainer,  Phot.  Korr.  23,  12    (1891). 

9  Luppo-Oamer,  Phot.  Korr.  49,  118  and  501 
(1912);  H>M.  50,  61  (1913). 


aminophenylglycine.  Eecent  clarifications 
of  these  effects  will  be  discussed  later. 

Sheppard  and  Meyer10  proposed  the 
theory  that  the  developing  agent  forms  a 
complex  with  the  silver  halide  at  the 
surface  of  the  grains.  At  the  interface  of 
the  silver  speck  of  the  latent  image  this 
complex  breaks  down  to  form  metallic  sil 
ver  and  oxidized  developer.  The  impor 
tance  of  the  speck  of  latent-image  silver  is 
twofold.  It  provides  the  necessary  ionic 
deformation  to  initiate  the  decomposition 
of  the  complex  and  also  gives  a  break  in 
the  adsorbed  barrier  layer  which  acts  as  a 
starting  point  for  the  formation  of  the 
complex. 

Wulff  and  Seidl  n  attempted  to  investi 
gate  the  direct  influence  of  the  adsorption 
of  the  developer  by  the  grains.  Since  the 
adsorption  could  not  be  separated  from  the 
development  process,  a  compound  similar 
to  a  developing  agent  but  which  was  not 
itself  a  developer,  resorcinol,  was  added  to 
the  developer,  and  it  was  found  that  de 
velopment  was  greatly  decreased.  This 
was  presumed  to  be  caused  by  the  com 
peting  adsorption  of  the  resorcinol.  How 
ever,  these  investigators  did  not  control 
the  pH  of  their  developer  and  their  inter 
pretation  of  the  results  is  doubtful.  Fur 
thermore,  it  has  been  found  recently  that 
resorcinol  influences  the  effects  of  the  de 
veloper  oxidation  product  on  the  course 
of  development,  and  so  might  have  a  spe 
cific  effect  on  development  not  connected 
with  its  adsorption  characteristics. 

As  mentioned  earlier,  the  effect  of  dyes 
on  development  has  been  investigated.  As 
little  as  0.008  gram  per  liter  of  oxidized 
amidol  decreases  the  induction  period  of  a 
hydroquinone  developer.  The  absence  of 
sulfite  causes  a  decrease  in  the  induction 


10  Sheppard   and   Meyer,  J.   Amer.   Chem.   Soc. 
42,   689    (1920). 

11  Wulff    and    Seidl,    Z.    wiss.    Phot.    28,    239 

(1930). 
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period  and,  in  the  absence  of  sulfite,  the 
absence  of  air  causes  a  great  increase  in 
the  induction  period.  Bromide  added  to  the 
developer  causes  a  much  greater  increase 
in  the  induction  period  in  the  absence  of 
air  than  in  its  presence.  In  fact,  Frot- 
schner12  reached  the  conclusion  that  it 
was  likely  that  no  development  could  take 
place  in  the  complete  absence  of  air  and 
the  oxidation  products  of  developer.  Oxi 
dation  products,  when  used  as  a  prebath, 
also  decreased  the  induction  period,  which 
led  to  the  conclusion  that  the  oxidation 
products  were  absorbed  to  the  silver  halide 
grains  or  to  the  latent  image.  Staude  13 
found  that  the  oxidation  products  of  the 
developer  had  no  effect  on  the  amount  of 
fog  developed.  He  concluded  that  the  la 
tent  image  was  a  concentration  of  electrons 
at  a  speck  and  that  these  attracted  the  oxi 
dized  developer.  Thus  only  reducing  agents 
which  form  a  complex  with  their  oxidized 
form  could  act  as  developers.  This  theory 
could  not  account  for  the  developing  prop 
erties  of  ferrous  oxalate. 

Schwarz  and  Urbach,14  in  relation  to 
their  surface  discharge  theory  of  latent 
image,  approached  the  problem  of  develop 
ment  from  the  point  of  view,  "Why  do  the 
unexposed  grains  not  develop  ?"  This  in 
activity  was  explained  by  the  presence  of 
a  barrier  layer  of  adsorbed  gelatin  and 
bromide  ion  which  gave  the  grain  a  nega 
tive  charge.  The  negatively  charged  de 
veloper  could  not  approach  the  grain  un 
less  the  charge  of  the  surface  of  the  grain 
had  been  decreased  by  the  migration  of 
some  of  the  electrons  on  the  surface  to  the 
interior  of  the  grains.  Hanson  and 


12  Frotschner,  Phot.  Ind.  35,  801    (1937). 

is  Staude,  Z.  wiss  Phot.  38,  65  (1939).  Staude, 
Ge'brauchsfot.  Atelier  Fot.  46,  84  and  108  (1939). 
Staude,  Z.  wiss.  Phot.  37,  3  (1938). 

i*  Schwarz,  Phot.  Korr.  €9,  27  (1933 — Beilage 
5).  Schwarz  and  TJrbach,  Z.  wiss  Phot.  31,  77 
(1932). 


Evans  15  accepted  and  extended  this  theory 
in  the  explanation  of  a  number  of  the 
known  characteristics  of  the  latent  image 
and  development.  However,  recent  work 
by  James  16  has  shown  that,  although  the 
negative  charge  on  the  surface  of  the 
grains  is  quite  important  in  preventing 
unexposed  grains  from  being  developed 
and  does  influence  the  rate  of  development 
with  certain  types  of  developers,  it  is  of 
no  direct  primary  importance  in  the  de 
velopment  process. 

Rabinowitsch  17  assumed  that  the  latent 
image  was  metallic  silver  and  that  the  de 
veloping  agent  was  adsorbed  to  this  silver 
and  not  to  the  silver  halide  grain.  His  ex 
perimental  work  demonstrating  this  ad 
sorption  to  metallic  silver  could  not  be 
substantiated  by  Perry,  Ballard,  and  Shep- 
pard.18  Recently  James  has  found  no 
evidence  for  adsorption  of  several  develop 
ing  agents  to  silver  specks  in  physical  de 
velopment,  although  there  was  evidence 
indicating  that  paraphenylenediamine  and 
hydroxyl  amine  are  adsorbed. 

The  quantum-mechanical  principles  re 
cently  applied  to  the  explanation  for  the 
photographic  latent  image  have  also  been 
applied  to  the  development  process.  Gur- 
ney  and  Mott 19  proposed  a  so-called  ' 'elec 
trode"  theory.  The  silver  speck  of  the 
latent  image  was  supposed  to  act  as  an 
electrode  and  receive  electrons  from  the 
developing  agent.  The  speck  now  charged 
negatively  attracts  some  of  the  interstitial 
silver  ions  which  migrate  to  it  and  form 
metallic  silver.  When  the  interstitial  sil 
ver  ions  are  all  used  up,  more  are  formed 

is  Evans  and  Hanson,  Phot.  J.  77,  497  (1937). 

is  James,  /.  Phys.  Chem.  43,  701   (1939). 

IT  Rabinowitsch,  Peissachowitsch,  and  Minaev, 
Ber.  VIII,  Internal;.  Kongr.  Phot.,  Dresden,  1931, 
186.  Eabinowitsch,  Z.  wiss.  Phot.  33  (1934). 

is  Perry,  Ballard,  and  Sheppard,  J.  Amer.  Chem. 
Soc.  €3,  2357  (1941). 

isGurney  and  Mott,  Proc.  Eoyal  Soc.  164A, 
151  (1938). 


226 


THE  THEORY  OF  DEVELOPMENT 


and  the  process  continues  until  the  grain 
is  completely  developed.  The  theory  does 
not  explain  how  the  bromide  ions  get  out 
of  the  crystals.  Furthermore,  the  rates  of 
development  of  silver  chloride,  silver  bro 
mide,  and  silver  iodide  are  not  at  all  in 
relation  to  the  mobility  of  the  interstitial 
silver  ions  in  the  different  types  of  crys 
tals. 

Webb  has  extended  this  theory  into 
fairly  complete  form,  and  Berg  20  has  also 
extended  it  to  eliminate  some  of  the  objec 
tions  mentioned.  He  assumed  that  the 
mechanism  of  development  proposed  held 
only  during  the  induction  period.  After 
the  interstitial  silver  ions  are  all  used  up 
and  the  speck  of  silver  has  become  large 
enough,  the  charged  speck  will  actually 
pull  some  of  the  adjacent  silver  ions  from 
the  crystal  lattice  itself.  These  are  re 
placed  by  some  farther  away,  etc.  How 
ever,  this  theory  does  not  explain  how  the 
induction  period  varies  with  the  charge 
on  the  developing  ion. 

The  recent  work  of  James  has  thrown 
so  much  light  on  the  nature  of  the  develop 
ment  process  and  has  eliminated  so  much 
of  the  confusion  resulting  from  the  variety 
of  results  obtained  on  the  effects  of  dyes, 
oxidation  products,  and  the  like,  that  it 
will  be  treated  in  its  entirety  as  a  separate 
unit. 

James  21  first  studied  the  rate  of  forma 
tion  of  silver  from  silver  ions  in  solution 
by  a  variety  of  developing  agents  in  the 
presence  of  specks  of  metallic  silver.  This 
parallels  physical  development.  Eeduction 
with  hydroquinone  and  cateehol  is  directly 
proportional  to  the  concentration  of  the 
developing  agent  but  is  proportional  to  a 
fractional  power  of  the  silver  ion  concen 
tration,  indicating  that  the  developer  is 

20  Berg,  Trans.  Farad.  Soc.  39,  126    (1943). 

21  James,  J.  Amer.  Chem.  Soc.  61,  648   (1939). 
James,  Hid.  61,  2379  (1939). 


not  adsorbed  to  the  silver  specks  but  that 
the  silver  ions  are  adsorbed. 

The  role  of  adsorption  in  increasing  the 
rate  of  chemical  reactions  can  be  clarified 
by  quantum-mechanical  principles.22  Fig 
ure  16.3  indicates  the  energy  relations 
which  might  exist  in  a  given  reaction.  For 
the  reactants,  silver  ion  and  developer,  to 
react  in  homogeneous  solution  they  must 
go  over  a  certain  potential  barrier  as 
shown  by  the  solid  line.  This  requires  a 
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FIG.  16.3.     Quantum-mechanical  description  of 
energies   involved   in    a  homogeneous   reaction 
(^hom)  an(i  i*1  a  similar  reaction  with  absorp 
tion  on  a  catalysis  (het)- 

certain  energy  of  activation,  Ehom.  The 
number  of  atoms  which  react  will  be  a 
statistical  function,  depending  upon  the 
number  which  obtain  this  amount  of  en 
ergy  from  thermal  agitation.  However, 
when  one  or  more  of  the  reactants  are 
adsorbed  onto  some  active  surface,  the 
energy  required  for  the  reaction  is  de 
creased,  as  shown  by  the  dotted  line,  so 
that  much  less  energy  is  required  for  the 
reactants  to  get  over  the  hump,  or  react. 
Under  this  condition  the  reaction  will  pro 
ceed  at  an  increased  rate. 


22  James,  J.  C'hem.  Ed.  23,  595   (1946). 


CHEMICAL  DEVELOPMENT 


227 


In  the  case  of  development  with  para- 
phenylenediamine,  the  ratio  is  a  fractional 
power  of  developer  concentration  and  lin 
ear  with  silver  ion  concentration,  indicat 
ing  that  the  reaction  proceeds  by  the  ad 
sorption  of  this  developer.23  Newmiller 
and  Pontius 24  succeeded  in  making  direct 
measurements  of  the  adsorption  of  a  num 
ber  of  developing  agents  to  metallic  silver. 
They  found  that  paraphenylenediamine 
and  its  derivatives  are  adsorbed  to  silver 
while  hydroquinone  is  not.  These  results 
confirm  the  conclusions  reached  by  James. 

Development  of  ordinary  emulsions  in  a 
variety  of  developers  at  different  values  of 
pH  shows  that  the  active  ingredient  of  the 
developer  is  the  ionized  form  of  the  de 
veloping  agent.  lonization  increases  with 
pH;  hence,  development  is  more  rapid  at 
higher  pH.  For  hydroquinone,  the  doubly 
ionized  state 


is  the  active  agent;  for  elon  and  catechol, 
the  singly  ionized  state;  for  hydroquinone 
monosulfonate,  the  triply  ionized  state; 
and  for  the  derivatives  of  paraphenylene 
diamine,  the  neutral  or  un-ionized  state. 
This  variation  in  ionic  character  leads  to 
the  possibility  of  the  classification  of  the 
developing  agents  into  groups  depending 
on  their  ionic  charge.  A  study  of  the  in 
duction  period  of  a  number  of  developers 
shows  that  their  behavior  falls  into  a  very 
neat  pattern  depending  on  the  ionic 
charge,25  as  shown  in  Fig.  16.4.  The 
curves,  appropriately  marked,  show  the 

23  James,  J".  Franklin  Inst.  240,  15  (1945). 

24  Newmiller   and   Pontius,    The    Adsorption   of 
Photographic  Developers  by  Metallic  Silver,  Com 
munication  No.   W59   from  the  Kodak  Research 
Laboratories,  J.  Phys.  Chem.,  64,  584   (1960). 

25  James,  J.  Franklin  Inst.  240,   83    (1945). 
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PIG.  16.4.    Dependence    of    shape    of    time- 
density  curve  upon  ionic  charge  of  the  devel 
oping  agent. 

course  of  the  growth  of  density  with  the 
developers  with  0,  1,  2,  and  3  negative 
charges.  The  scale  of  the  time  of  develop 
ment  has  been  adjusted  for  each  developer 
so  that  the  straight  portions  of  all  the 
curves  have  the  same  slope.  For  the 
strong  developers  the  total  time  repre 
sented  by  the  diagram  is  fairly  short  and 
for  the  weak  developers  it  is  fairly  long, 
but  with  this  adjustment  all  of  the  devel 
opers  fall  into  this  pattern.  This  change 
in  induction  period  with  ionic  charge  can 
be  interpreted  as  indicating  that  the  in 
duction  period  is  connected  with  the  nega 
tively  charged  barrier  layer  which  sur 
rounds  the  grains.  The  greater  the  charge 
on  the  developer  the  longer  it  takes  to 
penetrate  this  layer. 

The  nature  of  the  barrier  layer  has  been 
demonstrated  by  a  number  of  experiments. 
The  presence  of  certain  salts  in  a  developer 
frequently  has  a  large  effect  on  the  rate  of 
development,  caused  by  the  effect  of  the 
salt  on  the  charge  layer  contributed  by 
gelatin.  Gelatin,  being  amphoteric,  has  a 
negative  charge  in  solutions  with  pH 
higher  than  its  isoelectric  point  and  a  posi 
tive  charge  at  pH  values  lower  than  its 
isoelectric  point.  At  values  of  pH  greater 
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than  4.8,  the  isoelectric  point  of  gelatin, 
development  with  ferrous  oxalate  is  slowed 
down  by  the  negatively  charged  gelatin 
barrier  layer.  Addition  of  potassium  ni 
trate  causes  a  large  increase  in  the  rate  of 
development.  At  values  of  pH  lower  than 
4.8,  the  positively  charged  gelatin  layer 
increases  the  rate  of  development  with  fer 
rous  oxalate.  The  addition  of  potassium 
nitrate  to  the  developer  with  a  pH  lower 
than  4.8  gives  a  large  decrease  in  the  rate 
of  development.  At  a  pH  of  4.8,  the  addi 
tion  of  salt  has  no  effect.  The  different 
effects  of  the  salt  additions  at  different 
values  of  pH  indicate  that  the  neutral  salt 
tends  to  decrease  the  barrier  layer  con 
tributed  by  gelatin.  The  salt  effect  does 
not  occur  in  developers  containing  a  zero 
charge  active  ingredient,  such  as  the  para- 
phenylenediamine  derivatives.  In  fact, 
James26  states  that  this  technique  can  be 
used  as  a  method  for  determining  the  iso 
electric  point  of  gelatin  in  an  emulsion. 
This  effect  of  neutral  salt  on  development 
parallels  the  effect  on  certain  dyes  which 
will  not  penetrate  gelatin  except  in  the 
presence  of  neutral  salt. 

The  effect  of  certain  dyes  and  developer 
oxidation  products  on  the  charge  barrier 
layer  is  due  to  their  effect  on  the  bromide 
ion  barrier  layer.  Phenosafranin,  when 
added  in  very  small  quantities  to  certain 
developers,  enormously  decreases  the  in 
duction  period.27  This  is  true  in  a  ferrous 
oxalate  developer  at  pH  values  both  above 
and  below  the  isoelectric  point  of  gelatin. 
The  effect  is  greatly  reduced  by  the  addi 
tion  of  bromide  to  the  developer  which 
builds  up  the  bromide  barrier  layer.  The 
accelerating  effect  of  phenosafranin  does 
not  occur  in  developers  with  a  zero  or 
minus  one  charge.  A  number  of  basic 
sensitizer  dyes  have  the  same  accelerating 
effect  when  added  in  small  quantities  to  a 

26  James,  /.  Chem.  Phys.  12,  453   (1944). 

27  James,  J.  Franklin  Inst.  240,  229    (1945). 


developer.  It  is  likely  that  the  sensitizers 
present  in  a  normal  panchromatic  emulsion 
may  have  the  same  effect. 

Sulfite,  in  addition  to  its  effect  caused  by 
the  removal  of  oxidized  developer,  changes 
the  behavior  of  bromide  barrier  layer.  It 
gives  a  significant  increase  in  emulsion 
speed,  at  low  development  gamma,  when 
added  to  developers  with  a  double  or  triple 
negative  charge  but  has  very  little  effect 
on  the  singly  or  uncharged  developers.28 

This  work  clarifies  to  a  large  extent  the 
effect  of  a  number  of  additions  to  develop 
ers.  Those  materials  which  influence  the 
barrier  layer  charge  have  an  effect  pro 
portional  to  the  charge  on  the  developer. 
Thus  hydroquinone,  para-aminophenylgly- 
cine,  and  ferrous  oxalate  show  a  number 
of  effects  which  do  not  occur  with  elon  or 
the  derivatives  of  paraphenylenediamine. 

James29  has  also  found  that  the  maxi 
mum  emulsion  speed  which  can  be  obtained 
with  a  given  emulsion  and  optimum  de 
velopment  is  practically  the  same  for  many 
developers.  The  formula  which  he  chose 
was  a  caustic  solution  of  the  developer  in 
the  absence  of  air  and  sulfite,  thus  elimi 
nating  all  but  the  essential  ingredients. 
The  caustic  was  chosen  as  the  alkali  be 
cause  it  gives  complete  ionization  of  all  of 
the  developers.  Complete  development 
was  defined  as  that  stage  of  development 
where  the  growth  of  density  of  fog  was 

TABLE    16.1.      COMPARISON    OF   DEVELOPING    AGENTS 
AT   MAXIMUM   DEVELOPMENT 


Agent 

Rela 
tive 
Speed 

Agent 

Rela 
tive 
Speed 

Hydroquinone 
(carbonate)    ... 

100.0 

p-Amino-o-cresol  

100.0 

Catectol 

97  8 

D19  

93.3 

Ferro-oxalate 

95.5 

Hydroquinone  (caustic) 

89.9 

Elon  

100.0 

p-Aminophenylglycine  .  . 

72.5 

Elon  monosulfonate 
Diaminodurene  
E-H  -  

95.5 
95.5 
95.5 

Hydroxylarnine  ... 
p-Hydroxyphenylglycine 
Ascorbic  Acid  

72.5 
69.3 
64.6 

28  James,  J.  Franklin  Inst.  240,   327    (1945). 

29  James,  /.  Franklin  Inst.  239,  41  (1945). 
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about  equal  to  the  growth  of  the  image. 
The  fog  density  involved  was  between  0.7 
and  1.1,  much  more  than  occurs  in  prac 
tical  cases.  The  time  of  development  was 
different  for  the  different  developers.  The 
emulsion  speed  for  the  various  developers 
is  shown  in  Table  16.1.  Two  standard  de 
velopers,  D19,  and  another  elon  hydro- 
quinone  developer,  were  included  as  a 
point  of  reference.  Except  for  the  last 
four  in  the  table,  all  of  which  are  fairly 
unusual  developers,  the  speeds  are  not 
significantly  different.  It  can  be  con 
cluded  that  the  basic  mechanism  of  de 
velopment  is  the  same  for  all  of  these 
developers  and  that  probably  the  size  of 
the  latent-image  speck  which  is  required 
to  make  a  grain  developable  is  about  the 
same  for  all.  This  result  must  not  be  con 
fused  with  normal  practice  where  develop 
ment  is  stopped  far  short  of  completion 
and  a  number  of  factors  influence  the  rate ' 
of  the  development  to  that  stage. 

The  practical  advantage  of  a  complex 
developer  such  as  elon  hydroquinone  mix 
tures  used  in  practice,  according  to  James,30 
derives  from  the  use  of  a  developer  with  a 
single  charge  (elon)  with  a  more  powerful 
developer  which  has  a  double  charge  (hy 
droquinone).  The  one  with  the  shorter 
induction  period  starts  the  grains  develop 
ing  and  the  more  powerful  one  continues 
the  development.  On  this  principle  he 
predicted  that  mixtures  of  hydroxylamine 
(one  charge)  and  hydroquinone  monosul- 
fonate  (three  charges)  would  give  greater 
densities  than  the  sum  of  the  two  acting 
separately.  His  experiments  upheld  this. 
This  result  may  be  taken  to  indicate  that 
the  earlier  held  theory  that  elon  and  hy 
droquinone  form  a  complex  which  is  more 
active  than  either  developer  is  not  neces 
sary  to  explain  the  behavior  of  the  mix 
ture. 


The  work  of  James  does  not  make  it  pos 
sible  to  choose  definitely  between  the  two 
general  types  of  theories  of  the  mechanism 
of  development  which  are  held  today. 
These  are  the  "electrode"  type,  based  on 
the  silver  speck  of  the  latent  image  accept 
ing  the  electron  from  the  developer  and  in 
turn  passing  it  on  to  a  silver  ion  of  the 
crystal  to  produce  a  silver  atom,  and  the 
catalytic  theory  whereby  the  latent  image, 
be  it  silver  or  otherwise,  is  presumed  to 
catalyze  the  reduction  of  silver  ions  in 
the  crystal  itself,  particularly  at  the  inter 
face  between  the  latent  image  and  the  re 
mainder  of  the  crystal.  However,  James  S1 
has  found  that  in  certain  pH  regions  de 
velopment  with  hydroquinone  is  a  function 
of  a  fractional  power  of  the  concentration 
of  the  hydroquinone  (different  from  phys 
ical  development)  and,  since  he  has  found 
no  evidence  for  the  adsorption  of  hydro 
quinone  to  metallic  silver,  he  concludes 
that  the  hydroquinone  must  be  adsorbed  to 
other  portions  of  the  grain,  either  the  sil 
ver  halide  itself  or  at  the  interface  between 
the  silver  halide  and  the  latent  image. 
This  being  the  case,  it  would  not  give  up  its 
electron  to  the  silver  speck.  He  concludes 
that  development  takes  place  at  the  inter 
face  of  the  grain  and  the  latent  image, 
with  the  latent  image  acting  as  a  catalyst 
following  the  description  given  earlier 
with  relation  to  physical  development. 
This  conclusion  is  in  line  with  the  earlier 
theory  of  Sheppard  and  Meyer. 

On  the  other  hand,  the  suggestion  by 
Mitchell32'33  that  the  latent  image  silver 
speck  adsorbs  a  silver  ion  and  is  positively 
charged,  and  the  finding  by  Hamilton  and 
Brady 34s  that  the  silver  halide  grains  con 
tain  many  more  interstitial  silver  ions  than 


so  James,  J.  Franklin  Inst.  240,  327    (1945). 


si  James,  J.  Phys.  Chem.  44,  42   (1940). 

32  Mitchell,  /.  Phot.  Sci.  6,  No.  3,  57  (1958). 

33  Mitchell,  PML  Mag.  2,  No.  21,  1149   (1957). 
s*  Hamilton    and    Brady,    J.    Appl,    Phys.    30, 

1893   and   1909    (1959). 


230 


THE  THEORY  OF  DEVELOPMENT 


JUfcA. 


FIG.  16.5a.    Electron  micrograph  of  silver  de 
veloped  in  21  min.  by  an  Elon-aseorbic  acid- 
KBr  solution  alone. 


FIG.  16.5b.    Electron  micrograph  of  silver  de 
veloped  in  21  min.  by  an  Elon-ascorbic  acid- 
KBr  solution  alone,  followed  by  50  min.  in  a 
p-phenylenediamine  solution. 

was  previously  believed,  and  that  these 
interstitial  silver  ions  are  highly  mobile 
all  tend  to  lend  credence  to  the  "  elec 
trode77  type  theory  of  development. 

The  mechanism  which  accounts  for  the 
formation  of  filaments  during  develop 
ment  has  not  been  clearly  established. 
According  to  the  Gurney-Mott  theory  of 
development 35  the  filaments  are  formed  by 
extrusion  of  silver  from  the  site  of  devel 


opment  at  the  silver-silver  bromide  inter 
face.  Jelley 36  has  observed  that  the 
appearance  of  the  filaments  often  suggests 
that  the  filament  structure  is  a  crystalliza 
tion  phenomenon.  This  observation  is  in 
agreement  with  the  observations  of  Keith 
and  Mitchell 37  which  indicated  that  under 
some  conditions  growth  of  the  filaments 
occurred  at  the  tip  rather  than  at  the  base. 
The  fact  that  there  is  no  generally 
agreed  upon  single  mechanism  of  develop 
ment  is  not  too  surprising,  since  the  de 
velopment  process  is  a  rather  complex 
group  of  phenomena.  In  most  practical 
eases  both  physical  and  chemical  develop 
ment  proceed  simultaneously.  Most  de 
velopers  contain  a  silver  halide  solvent 
such  as  sodium  sulfite.  Some  developing 
agents  appear  to  act  as  silver  halide  sol 
vents  themselves.  Even  the  solubility  of 
silver  halide  in  water  itself  can  make  a 
certain  amount  of  physical  development 
possible.  The  metallic  silver  formed  dur 
ing  the  early  stages  of  chemical  develop 
ment  can  act  as  the  centers  for  physical 
development  so  that  in  many  cases  the  de 
velopment  process  slowly  shifts  from  chem 
ical  development  to  predominantly  physi 
cal  development  in  the  later  stage.  In 
fact,  Pontius  and  Thompson 38  state  that 
"it  is  doubtful  if  there  are  ever  any  cases 
of  completely  pure  chemical  development, 
particularly  in  the  later  stages."  Electron 
micrographs  showing  solution  physical  de-  , 
velopment  onto  the  filaments  formed  by 
previous  chemical  development  are  shown 
in  Pig.  16.5.39 


Gurney   and   Mott,   op.   tit. 


se  Jelley,  J.  Phot.  Soc.  Amer.  8,  283   (1942). 

37  Keith  and  Mitchell,  PM.  Mag.  44,  877 
(1953). 

ss  Pontius  and  Thompson,  Phot.  Sci.  and  Eng. 
I,  No.  2,  45  (1957). 

39  James  and  Vanselow,  op.  cit. 
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Photographic  developing  agents  are  re 
ducing  agents  capable  of  reducing  the 
exposed  crystals  of  silver  halide  in  an 
emulsion  to  silver  without  reducing  the 
unexposed  crystals  at  the  same  time.  To 
be  practical,  a  developing  agent  must  (1) 
clearly  differentiate  between  exposed  and 
unexposed  silver  halide;  i.e.,  be  free  from 
fogging;  (2)  reasonably  stable  in  solution; 
(3)  sufficiently  soluble  in  water;  (4)  must 
not  soften  the  gelatin  layer,  and  (6) 
should  preferably  be  nontoxic. 

Inorganic  Developing"  Agents.  There 
are  a  number  of  inorganic  compounds 
which  will  develop,  although  none  are  in 
general  use.  The  most  important  histori 
cally  is  ferrous  oxalate  *  which  was  widely 
used  with  the  wet-collodion  process  but 
later  discarded  for  organic  developers  of 
greater  reducing  energy  requiring  less  ex 
posure.  Sodium  hydrosulfite  (Na2S203) 
is  a  developer  for  silver  iodide  emulsions 
but  tends  to  fog  silver  bromide  emulsions.2 
Hydrogen  peroxide3  (HO — OH),  and  hy- 
drazine  4  (H2N — NH2)  develop  in  strongly 
alkaline  solutions,  but  are  unstable.  Hy- 
droxylamine  5  (HO — NH2)  and  hydrazine 
both  form  small  bubbles  of  nitrogen  which 
tend  to  disrupt  the  emulsion. 

Kecently  interest  has  revived  in  the  fer 
rous,  titanous,  and  vanadous  salts  as  de 
velopers  in  large-scale,  continuous  systems 


1  Mees  and  Sheppard,  Investigations  of  the  Pho 
tographic    Process.      Longmans,    Green    and    Co., 
Inc.,    London,    1906. 

2  Durham,  Brit.  J.  Phot.  87,  169    (1940). 
sAndresen,  Phot.  Korr.  36,  260  (1899). 
*Andresen,  Phot.  Mitt.  28,  286  (1892). 
sSpiller,  Phot.  News  28,  613    (1884). 


primarily   because    the   solutions    may   be 
regenerated  eleetrolytically.6' 7 

Organic  Developing  Agents.  The  most 
important  organic  developing  agents  are 
the  dihyroxybenzenes,  the  aminophenols, 
and  the  phenyldiamines,  although  there 
are  useful  developers  outside  of  these 
groups  particularly  in  the  naphthols  and 
the  phenylpyrazolidones.  Well  over  a 
hundred  compounds  in  these  groups  have 
been  described  or  patented  as  developers.8 

The  para  and  the  ortho  compounds  are 
developers;  the  meta  compounds  are  not 
as  a  rule,  although  there  are  a  few  excep 
tions.  The  para  compounds  are  more  ac 
tive  as  developers  than  the  ortho  com 
pounds  and  are  more  widely  used. 
Hydroxybenzenes 


OH 


OH 


OH 


o-Dihy-        p-Dihydroxybenzene     1,2,3-Trihy- 
droxybenzene        (hydroquinone)        droxybenzene 
(cathechol)  (pyro) 


eRaschi  and  Crabtree,  Development  of  Motion 
Picture  Positive  Film  by  Vanadous  Ions,  7.  Soc. 
Mot.  Pict.  and  Tel.  Eng.  62,  1  (1954). 

7  Russell  and  Rasch,  B.P.  720,235  and  717,040. 

s  Henny  and  Dudley,  Handbook  of  Photography, 
McGraw-Hill  Book  Co.,  Inc.,  New  York,  1939. 
Glafkides,  Photographic  Chemistry,  Chap.  IX 
(The  Developing  Agents)  Fountain  Press,  Lon 
don,  1958. 

NEWMAN,   "Survey  of  Modern  Inorganic  De 
velopers/'  Brit.  J.  Phot.  103,  384  (1956). 
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The  hydroxybenzenes  are  less  active  than 
the  compounds  containing  an  amino  group 
and  require  a  higher  pH  for  effective  use. 
Aminophenols 


Carboxylic  Group 


OH 

a 


NH2 


o-Aminophenol 


NH2 
p-Aminophenol 


The  energy  of  these  developers  is  in 
creased  by  the  substitution  of  additional 
hydroxyl,  halogen,  methyl,  or  ethyl  groups 
in  the  ortho  or  para  position,  as,  for  ex 
ample  : 

Added  Clor  or  Br  Groups 


OH 


OH 


H 


Hydro-     Clorohy-     Bromhydro-     2,5-Dichloro- 
quinone  droquinone      quinone        hydroquinone 

Added  Amino  Groups 


OH 


NH2 


NH2 


Paramino-  2',4-Diamino- 

phenol  phenol 

Methyl  Groups 


NH2 

p-Phenylene- 
diamine 


NHCHs 

p-Methylparaminophenol 
(Base  of  Metol,  Elon,  etc.) 


NHCH2COOH 

p-Hydroxyphenylamino  acetic  acid 
(glycin) 

A  number  of  naphthalenes  are  develop 
ers,  the  most  important  being 


OH 


NH2 


HSO; 


l-Amino-2-naphthol-6 
sulfonic  acid 
(Eikonigen) 


l-Amino-2-naphthol-3  :6 

disulfonic  acid 

(Diogen) 


In  1950  Kendall  discovered  a  new  group 
of  developers  in  the  phenyl  pyrazolidones. 
The  original  in  this  group,  l-phenyl-3- 
pyrazolidone 


was  introduced  commercially  as  Pheni- 
done.  Numerous  developers  have  been 
found  in  substitution  products  of  the  py- 
razolones  and  research  in  this  field  is  con 
tinuing. 

Characteristics  of  the  Principal 
Developing  Agents 

ADUROL  (2-chloro-hy droquinone) 

This  is  a  slow,  powerful  developer  simi 
lar  to  hydroquinone  but  more  energetic, 
less  affected  by  temperature,  and  shows 
less  tendency  to  fog.  It  is  used  chiefly  for 
warm  tones  on  chlorobromide  papers. 
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AMIDOL  (diaminophenol) 

Amidol  is  an  energetic  developer  with 
sulfite  alone  and  is  used  chiefly  with  chlo 
ride  and  chlorobromide  papers  to  produce 
rich  cold-black  tones.  It  does  not  keep  in 
solution,  losing  its  developing  power  in 
a  few  hours  without  any  appreciable 
change  in  color. 

GL YCIN    ( p-hydroxyphenylglycin ) 

Glycin  is  a  slow,  powerful  developer 
which  keeps  well  in  solution.  The  image 
is  a  warm-black  color  and  very  free  from 
fog.  Glycin  is  used  alone  or  for  fine-grain 
negative  development  in  combination  with 
paraphenylene  and  with  hydroquinone  for 
warm  tones  on  chloride  and  chlorobromide 
papers. 

HYDROQUINONE   (p-dihydroxybenzene) 

Hydroquinone  is  a  slow,  powerful  de 
veloper  which  is  used  alone  where  high 
density  and  contrast  are  required,  as  in 
process  work,  but  more  often  with  metol. 
Alone  it  is  greatly  retarded  by  low  tem 
perature  being  practically  inert  below 
55°F.  Above  70°F.  excessive  fog  and 
stain  may  be  encountered. 

METOL  (p-methylaminophenol) 

Metol  is  an  extremely  energetic,  soft- 
working  developer  not  greatly  affected  by 
temperature  or  by  restrainers,  such  as  the 
alkaline  halides.  It  has  a  long  useful  life, 
being  exhausted  less  rapidly  than  most 
other  developing  agents.  Metol  with  sul 
fite  alone  is  a  useful  negative  developer 
where  low  contrast  is  desired.  With  the 
addition  of  an  alkali  it  forms  a  more 
energetic  but  soft-working  developer  which 
is  useful  for  thinly  coated,  fine-grain  nega 
tive  emulsions.  -  It  is  usually  used,  how 
ever,  with  hydroquinone;  less  frequently 
with  adurol  or  glycin.  The  addition  of 


hydroquinone  produces  a  developer  with 
the  energy  and  detail-producing  character 
istics  of  metol  and  the  density  and  con 
trast-producing  properties  of  hydroqui 
none.  The  speed  of  development  as  meas 
ured  by  the  growth  of  density  and  con 
trast  is  greater  for  the  two  agents  when 
used  together  than  the  sum  of  the  two 
used  separately.  The  ability  of  one  de 
veloping  agent  to  increase  the  activity  of 
another  is  known  as  additivity. 

PARAMINOPHENOL 

This  is  a  rapid  soft-working  developer 
similar  to  metol  but  is  exhausted  more 
rapidly.  It  is  useful  for  high-temperature 
development  and  in  the  preparation  of 
highly  concentrated  developers  of  excellent 
keeping  properties9  (Eodinal,  Azol,  etc.) 

PHENYLENEDIAMINE 

Para-  and  ortho-phenylenediamine  are 
the  only  truly  fine-grain  developing  agents 
but  the  low  reducing  energy  and  the  sol 
vent  action  on  silver  halide  require  a 
considerable  increase  in  exposure.  To 
avoid  this,  phenylenediamine  is  often  com 
bined  with  glycin,  metol,  or  other  more 
energetic  developers.  Although  the  grain 
is  not  as  fine  as  with  phenylenediamine 
alone,  the  speed  loss  is  much  less.  The 
phenylenediamines  are  strongly  toxic  and 
contact  with  the  solution  should  be 
avoided. 

PYRO     (pyrogallol)     (1,2,3-trihydroxyben- 
zene) 

Pyro,  the  oldest  organic  developer 
(1851),  has  been  almost  completely  super- 


9  Preparation  of  concentrated  solutions  of  para- 
minophenol:  Ermen,  Brit.  J.  Phot.  67,  611  (1920)  ; 
Gray,  ibid.,  80,  175  (1933);  WiUeock,  ibid.,  83, 
256  (1936). 
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seded  by  metol-hydroquinone  and  other 
nonstaining  developers.  Pyro  produces 
two  images,  one  of  silver  and  the  other  a 
dye  image  which  is  an  oxidation  product 
of  the  developer.  The  density  of  the  stain 
image  depends  primarily  upon  the  amount 
of  sulfite,  but  is  influenced  by  temperature, 
dilution,  and  other  conditions  which  affect 
the  rate  of  oxidation.  Since  the  density 
and  contrast  of  the  image  depend  on  the 
stain  image  as  well  as  the  silver  image, 
pyro  developers  must  be  used  under  care 
fully  controlled  conditions  if  consistent  re 
sults  are  to  be  obtained.  The  behavior  of 
pyro  developers  depends  upon  the  dilu 
tion:  concentrated  solutions  produce  den 
sity  and  contrast  readily,  dilute  solutions 
are  soft  working  and  produce  density  and 
contrast  slowly.  Pyro  also  tans  the  gelatin 
surrounding  the  silver  image,  producing 
an  image  in  slight  relief.  The  amount  of 
tanning,  and  therefore  the  degree  of  re 
lief,  increases  with  the  stain  image,  i.e., 
as  the  amount  of  sulfite  is  reduced.  Pyro 
is  often  combined  with  metol,  less  fre 
quently  with  glycin.  With  diaminophenol 
it  develops  without  an  alkali. 

PYROCATECHIN     ( catechol )      ( o-dihydroxy- 
benzene) 

Pyroeateehin  resembles  pyro  in  many 
ways.  Its  strongly  marked  tanning  action 
has  been  utilized  to  produce  relief  images 
for  color  printing  and  for  compensating 
developers.  The  fine-grain  developer, 
Merit ol,  is  a  compound  of  pyrocatechin 
and  paraphenylenediamine.10 

PHENIDONE    ( l-phenyl-3-pyrazolidone ) 

Alone  Phenidone  is  an  active  developer 
but  of  exceptionally  low  contrast.  It  is 


10  Johnson  and  Sons,  B.P.  466,625. 


used    chiefly    with    hydroquinone,    being 
much  more  efficient  than  metol. 

Developing  Solutions.  In  addition  to 
water  and  the  developing  agents,  the  typi 
cal  developing  solution  contains  (1)  a  pre 
servative  or  anti-oxidant,  usually  sodium 
sulfite;  (2)  an  alkali,  usually  sodium  car 
bonate,  a  metaborate,  or  borax;  and  (3)  a 
restrainer,  or  antifogging  agent.  Other 
additions  may  include  (1)  calcium  precipi- 
tants,  such  as  sodium  tetraphosphate  to 
prevent  precipitation  in  hard  waters,  (2) 
silver  halide  solvents,  such  as  excess  so 
dium  sulfite  or  an  alkaline  thiocyanate  to 
obtain  finer  grain,  and  (3)  a  wetting  agent 
to  facilitate  the  absorption  of  the  solution 
by  the  gelatin  emulsion. 

The  Preservative.  The  developing 
agents  oxidize  easily  and  the  oxidation 
products,  in  many  cases,  are  highly  col 
ored.  The  addition  of  sodium  sulfite  or 
sodium  bisulfite,  which  in  an  alkaline  solu 
tion  is  converted  into  sodium  sulfite  and 
sodium  bicarbonate,  (1)  preserves  the  de 
veloping  agents  from  oxidation,  and  (2) 
transforms  the  oxidation  products  into 
colorless  compounds  thus  preventing  the 
staining  of  the  emulsion  as  well  as  the  de 
pletion  of  the  developing  agents. 

The  reaction  of  hydroquinone,  without 
sulfite,  on  exposure  to  air  is: 


2H+ 


Hydroquinone  Quinone 

PROMICROL  (May  and  Baker  Ltd.)  is  believed 
to  be  2-(j3-hydroxyethyl)  aminophenol.  It 
is  a  fine-grain  negative  developer  (B.P. 
644,249). 

ATOMAL  is  the  Agfa  trade-mark  for  a  fine- 
grain  developer  containing  hydroxyethyl- 
o-aminophenol,  pyrocatechin,  and  hydro 
quinone. 


THE  RESTEAINER 
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The  quinone,  which  may  be  formed 
either  from  oxidation  by  air  or  in  the 
process  of  development,  acts  as  a  catalyst 
and  increases  the  rate  of  oxidation.  In 
the  presence  of  sulfite,  the  quinone  reacts 
with  the  sulfite  to  form  a  colorless  mono- 
sulfonate  as  follows: 


OH 


S03-  +  H20 


SO3~ 


OH- 


OH 


The  reactions  with  hydroquinone  are 
typical  of  the  other  organic  developing 
agents.  The  monosulfonate  of  hydroqui 
none  is  a  weak  developer,  but  the  mono 
sulfonate  of  metol  is  a  fairly  active  devel 
oper  and  may  contribute  in  a  small  degree 
to  the  energy  of  metol-hydroquinone  de 
velopers. 

The  quantity  of  sulfite  necessary  varies 
with  the  developing  agents,  pyro  for  ex 
ample  requiring  considerably  more  than 
metol,  and  with  the  conditions  of  develop 
ment.  The  amount  of  sulfite  needed  in 
creases  as  the  developer  is  diluted,  as  the 
temperature  increases,  and  with  the  alka 
linity  of  the  solution.  Developers  which 
are  used  once  and  then  discarded  do  not 
need  to  keep  so  well  as  those  to  be  used 
over  and  over.  On  the  other  hand,  oxida 
tion  is  greater  in  tray  development  than 
in  tanks  because  more  of  the  solution  is 
exposed  to  air. 

The  Alkali.  The  function  of  the  alkali 
is  to  control  the  pH  of  the  solution  and 
thus  the  ionization  of  the  developing  agent. 
Diaminophenol  will  develop  at  a  pH  of 
5.0  and  metol  at  7.0,  thus  both  may  be 
used  with  sulfite  alone.  Hydroquinone,  on 
the  other  hand,  requires  a  pH  of  9.0  to 
develop  at  all  and  a  pH  of  from  11  to  12 
for  practical  development.  With  metol  it 
becomes  active  at  a  pH  of  from  8.5  to 
9.5.  Hydroquinone  is  much  more  sensitive 


to  changes  in  pH  than  metol  and  at  a  pH 
of  10.5  both  develop  at  approximately  the 
same  rate. 

If  the  characteristics  of  the  developing 
solution  are  to  be  maintained  during  de 
velopment,  and  particularly  with  repeated 
use,  it  is  important  that  the  original  pH 
be  maintained.  This  requires  an  alkali 
with  a  high  buffer  capacity.  Thus,  the 
alkaline  carbonates,  metaborates,  and 
borax  are  preferable  to  the  fixed  alkalies 
except  where  a  high  pH  is  required. 

Sodium  carbonate  is  the  usual  alkali. 
Potassium  carbonate  is  more  soluble  but 
the  price  is  higher.  Sodium  metaborate, 
unlike  sodium  carbonate,  does  not  produce 
a  gas  in  the  presence  of  an  acid  and  there 
is  less  danger  of  the  emulsion  blistering 
when  transferred  from  the  alkaline  devel 
oper  to  an  acid  stop  or  fixing  bath. 

Borax  is  used  chiefly  in  metol-hydro 
quinone,  fine-grain  negative  developers. 

The  Restrainer.  The  presence  of  an 
alkaline  bromide,  such  as  potassium  bro 
mide,  lowers  the  degree  of  ionization  of 
the  silver  bromide  and,  by  reducing  the 
concentration  of  silver  cations,  restrains 
development.11  The  addition  of  potassium 


11  Citrates,  tartrates,  and  boro-tartrates  behave 
similarly. 

It  has  been  suggested  that  the  restraining  ef 
fect  of  potassium  bromide  may  be  due  at  least 
in  part  to  its  effect  on  the  surface  absorption 
equilibrium  at  the  surface  of  the  grain  of  silver 
halide.  Mees,  The  Theory  of  the  Photographic 
Process,  The  Macmillan  Co.,  New  York,  1942. 

Sodium  and  potassium  hydroxide  are  used 
chiefly  in  developers  for  process  emulsions 
with  developers  of  low  energy  such  as 
hydroquinone.  Trihydroxymethylene,  used 
in  a  number  of  developers  for  process 
emulsions,  reacts  with  sodium  sulfite  to 
form  sodium  bisulfite  and  sodium  hydrox 
ide. 

Other  alkalies  that  have  been  used  include 
acetone,  ammonia,  formaldehyde,  trisodium 
phosphate,  triethanolamine,  sodium  meta- 
silicate,  and  sodium  aluminate. 
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bromide,  however,  is  ordinarily  for  the 
purpose  of  preventing  fog  because  the  re 
straining  effect  is  greater  on  fog  than  on 
the  latent  image.  Where  maximum  con 
trast  is  required,  a  relatively  high  concen 
tration  of  bromide  is  usually  necessary  to 
prevent  fog.  In  some  cases,  the  restrainer 
is  not  included  in  the  formula  but  is  added 
through  a  "conditioning"  process  which 
consists  in  (1)  developing  waste  film  in 
the  solution  before  use,  or  (2)  the  addition 
of  a  small  quantity  of  used  developer. 

The  eifect  of  adding  a  restrainer  varies 
with  the  developing  agent  and  is  greatest 
with  those  of  low  potential.  The  depres 
sion  in  density  from  the  addition  of  potas 
sium  bromide  is  equivalent  practically  to 
a  loss  in  effective  emulsion  speed;  this  is 
considerable  in  the  early  stages  of  devel 
opment  and  becomes  less  and  less  as  the 
degree  of  development  increases. 

In  recent  years,  a  number  of  substances 
have  been  found  which  are  more  effective 
than  potassium  bromide  in  preventing 
fog.12  The  best  known  are  6-nitrobenzimi- 
dazole  and  benzotriazole.  These  may  be 
used  to  reduce  fog  on  negative  materials 
particularly  when  developing  under  con 
ditions  likely  to  give  rise  to  fog,  or  with 
silver  chloride  papers  to  obtain  a  cold, 
blue-black  image. 

Additions  to  Developing"  Solutions. 
Calcium  Precipitant s.  The  precipitation 
of  calcium  salts  in  developers  before  use 
may  be  prevented  by  using  distilled  water, 
rain  water,  or  chemically  softened  water 
for  preparing  solutions,  but  this  will  not 
prevent  sludging  when  the  developer  is  ex 
hausted.  This  may  be  prevented  by  the 
addition  of  sodium  metaphosphate  or  so 
dium  tetraphosphate,  the  latter  being  the 
more  effective.13  The  amount  required 


12  Glafkides,  Photographic  Chemistry,  Fountain 
Press,  London,  1958. 

isOabtree  and  Henn,  /.  Soc.  Mot.  Pict.  Eng. 
43,  426  (1944). 


varies  from  0.5  gram  per  liter  for  develop 
ers  of  low  alkalinity,  such  as  Dk-20  and 
D-76,  to  2.0  grams  per  liter  for  carbonate 
developers,  such  as  D-ll,  D-19,  D-52,  D-72. 
The  addition  of  either  the  meta-  or  tetra 
phosphate  to  developers  containing  a  caus 
tic  alkali  is  not  recommended  because  of 
the  rapid  hydrolysis  of  the  phosphate. 

Wetting  Agents.  The  addition  of  wet 
ting  substances  to  facilitate  the  absorption 
of  the  developing  solution  by  the  sensitive 
material  and  prevent  irregularity  in  de 
velopment  has  become  quite  common  in 
recent  years.  The  substances  used  for  this 
purpose  include  Aerosol,  ethyl  alcohol, 
butyl  alcohol,  alkanol  B  (sodium  salt  of 
alkyl),  naphthalene  sulfonic  acid,  ethyl ene 
dichloride,  triethanolamine,  and  hexyl  al 
cohol. 

The  Reduction  Potential  and  Selectiv 
ity  of  Developers.  The  reducing  energy 
(reduction  potential)  of  a  developer  varies 
greatly  with  the  pH  and  is  influenced  by 
dilution  and  temperature.  There  are,  how 
ever,  inherent  differences  in  developing 
agents.  With  developing  agents  of  low 
potential,  such  as  hydroquinone,  the  in 
duction  period,  i.e.,  the  ~  time  elapsing  be 
tween  the  application  of  the  solution  and 
the  appearance  of  the  image,  is  much 
longer  than  with  developers  of  high  po 
tential,  such  as  metol.  Developers  of  low 
potential  develop  slowly  and  tend  to  pro 
duce  images  of  higher  contrast  than  those 
of  high  potential  which  bring  out  the 
image  quickly  but  add  density  slowly. 

The  reduction  potential  may  be  meas 
ured  by  (1)  the  depression  of  density  pro 
duced  by  potassium  bromide,  (2)  the 
amount  of  silver  bromide  reduced  by  a 
given  quantity  of  the  developing  agent, 
and  (3)  electrometric  methods.14 


s,  The  Theory  of  the  Photographic  Proc 
ess,  1st  Ed.,  Ch.  XII,  The  Macmillan  Co.,  New 
York,  1942. 
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The  differentiation  of  a  developer  be 
tween  exposed  and  unexposed  silver  halide 
is  termed  its  selectivity.  The  selectivity 
depends  upon  the  pH  of  the  solution  and 
the  temperature,  and  it  varies  with  differ 
ent  emulsions.  Although  there  are  differ 
ences  in  selectivity  with  different  develop 
ing  agents  there  appears  to  be  no  relation 
between  selectivity  and  the  reducing  en 
ergy.  The  selectivity  of  hydroquinone  and 
pyro,  for  example,  is  low ;  it  is  much  higher 
for  paraminophenol  and  metol  whose  re 
duction  potential  is  much  higher. 

It  is  often  assumed  that  developing 
agents  of  high  potential,  such  as  metol,  are 
capable  of  developing  the  latent  image 
more  completely  than  those  of  low  poten 
tial.  The  evidence  is  inconclusive,  how 
ever;  the  high-potential  developers  more 
completely  develop  the  lower  exposures  for 
a  given  contrast  than  those  of  lower  po 
tential  and  therefore  should  be  used  where 
the  highest  effective  emulsion  speed  is  re 
quired.  There  seems  to  be  little  difference, 
however,  in  the  high-potential  developers 
in  this  respect.  Much  more  appears  to 
depend  on  the  composition  of  the  develop 
ing  solution  and  the  method  of  develop 
ment  than  on  the  developing  agent. 

Color  of  the  Developed  Image.  The 
color  of  the  developed  image  depends 
greatly  on  the  emulsion.  In  general,  how 
ever,  metol,  metol-hydroquinone,  parami 
nophenol,  and  diaminophenol  produce 
black  to  cold-black  images.  Glycin  pro 
duces  a  brownish-black  image;  whereas 
with  pyro  and  pyrocatechin  the  color 
ranges  from  a  warm  to  a  yellowish  black 
depending  on  the  amount  of  preservative 
used.  With  para-  and  ortho-phenylenedi- 
amine  the  image  is  dichroic;  i.e.,  black  by 
transmitted  light  and  cream  colored  by 
reflected  light.  The  visual  density  of  im 
ages  developed  in  pyro,  pyrocatechin,  and 
ortho-  and  paraminophenylenediamine  is 
lower  than  the  photographic  density;  in 


other  words,  these  images  have  greater 
printing  density  and  contrast  than  is  ap 
parent  to  the  eye.  The  ratio  of  the  visual 
and  the  photographic  gamma  yp/yr  is 
termed  the  color  coefficient.  The  color  co 
efficient  depends  upon  the  amount  of  pre 
servative  and  the  conditions  of  develop 
ment  as  well  as  the  developing  agent. 

The  effect  of  variations  in  the  amount  of 
sulfite  in  a  pyro  developer  is  shown  be 
low  : 15 


Sulfite, 
grams  per  liter 

50 

25 

10 

5 


Color 
Coefficient 

....1.16 

,.  .  .1.24 

....1.45 

. . .  1.80 


Tanning  Developers.  The  oxidation 
products  of  certain  developers,  notably 
pyro  and  pyrocatechin,  tan  or  harden  the 
gelatin  surrounding  the  silver  of  the  de 
veloped  image.  The  tanning  action  re 
sults  in  a  relief  image  and  increases  as 
the  amount  of  sodium  sulfite  is  reduced. 
Metol  in  conjunction  with  tannic  acid, 
gallic  acid,  phloroglucinol,  ascorbic  acid, 
and  resorcinol  also  forms  tanning  develop 
ers.  Use  has  been  made  of  these  com 
binations  in  preparing  matrices  for  three- 
color  printing  (Dye  Transfer).  The  tan 
ning  action  of  pyrocatechin  with  a  low 
concentration  of  sulfite  has  been  used  as  a 
compensating  developer  (Windisch)  and 
a  metol-hydroquinone  tanning  developer 
by  Lumiere  and  Seyewetz  for  high-temper 
ature  development. 

Little  is  known  of  the  chemistry  in 
volved  in  the  hardening  of  gelatin  under 
these  conditions. 


is  Jones  and  Wilsey,  J.  Franklin  Inst.  185,  231 
(1918). 

PONTIUS,  The  Action  of  Developers  as  Tanning 
Agents,  P.S.A.  Journal  17B,  76   (1951). 
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Toxicity  of  Developers.  Para-  and 
ortho-phenylenediamine  are  the  only  de 
veloping  agents,  other  than  those  used  in 
color  development,  which  are  toxic,  al 
though  many  are  allergic  to  metol.  Skin 
irritation  is  uncommon  with  most  other 
developers.  If  irritation  occurs  with  any 
developer,  its  use  should  be  discontinued, 
or  methods  employed  which  will  prevent 
contact  with  the  solution.  Ointments  con 
taining  lanolin,  zinc  oxide,  boric  acid,  etc., 
are  helpful  in  reducing  irritation,  but 
should  not  be  used  after  blisters  have  ap 
peared.  These  should  be  treated  with  a 
mild  antiseptic,  such  as  boric  acid  or 
Burow's  solutions  (Domeboro  Tabs)  on 
surgical  gauze. 

Effect  of  Use  on  Developing  Solutions 
— Replenishment.  With  use  a  developing 
solution  becomes  slower  in  action  as  a 
result  of  (1)  the  depletion  of  the  develop 
ing  agents,  alkali  and  sulfite,  and  (2)  the 
accumulation  of  by-products  of  the  de 
velopment  process  in  the  form  of  sodium 
bromide,  sodium  iodide,  and  oxidation 
products  of  the  developer.  The  restrain 
ing  effect  of  these  on  development  is  much 
greater  than  the  reduction  in  the  amount 
of  the  developing  agents  and  alkali.  Since 
these  by-products  affect  not  only  the  time 
of  development  but  the  ability  of  the  solu 
tion  to  develop  fully  an  exposure,  so  there 
is,  in  effect,  a  loss  in  effective  emulsion 
speed. 

In  large-scale  processing  it  is  a  common 
practice  to  add  a  replenisher  continuously, 
or  at  regular  intervals,  in  order  to  main 
tain  the  properties  of  the  developer  at  a 
constant  level.  It  is  not  possible  through 
replenishment  to  maintain  the  properties 
of  the  fresh  developer  but  with  a  suitable 

SOUTHWORTH,  Developer  Constitution  and  Tox 
icity,  Brit.  J.  Phot.  85,  390  (1938). 

GREENWOOD,  Dermatitis  and  Toxieity,  Brit.  J. 
Phot.  92,  235  (1945). 


original  formula  and  careful  replenish 
ment  a  developing  solution  may  be  main 
tained  for  long  periods,  often  several 
months,  at  a  level  which  produces  satisfac 
tory  results. 

Where  hundreds  of  gallons  of  solution 
are  involved,  replenishment  is  controlled 
by  sensitometric  and  chemical  testing  at 
frequent  intervals.  Sensitometric  tests 
indicate  the  extent  to  which  the  solution  is 
departing  from  the  desired  gammas  and 
density,  while  chemical  tests  show  the 
changes  taking  place  in  the  composition  of 
the  developer.  Sensitometric  tests  are 
made  by  putting  sensitometrie  strips 
through  the  processing  system,  measuring 
the  densities  and  plotting  D  log  E  curves 
to  determine  the  gamma  and  the  density 
for  at  least  one  and  preferably  three  steps 
— low,  medium,  and  high — on  the  sensi- 
tometer. 

Chemical  tests  may  be  used  to  extract 
and  determine  quantitatively  the  develop 
ing  agents,  sulfite,  alkali,  and  developer 
by-products  present.16  These  tests  must  be 
made  with  a  high  degree  of  precision  if 
the  results  are  to  be  sufficiently  accurate 
to  provide  a  basis  for  developer  replenish 
ment.  Ordinarily,  chemical  testing  is  not 
practical  except  in  large-scale  continuous 
processing  where  several  hundred  gallons 
of  solutions  must  be  maintained. 


is  For  a  convenient  summary  of  methods  of 
chemical  analysis  as  applied  to  processing  solu 
tions,  see  Glafkides,  Photographic  Chemistry,  The 
Macmillan  Co.,  New  York,  1959. 

CRABTREB  AND  MATHEWS,  Photographic  Chem 
icals  and  Solutions }  American  Photo 
graphic  Publishing  Co.,  Boston,  1939; 
Chapman  &  Hall,  London. 

G-LAFKIDES,  Photographic  Chemistry,  The  Mac 
millan  Co.,  New  York,  1959. 

HENNEY  AND  DUDLEY,  Handbook  of  Photog 
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York,  1939. 
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Chapter  18 

COLOR  DEVELOPMENT 


A  number  of  developing  agents  used  for 
developing  a  photographic  latent  image 
can,  under  certain  conditions,  deposit  a 
colored  image  in  addition  to  the  silver 
image.  Such  color  images  become  much 
more  apparent  when  the  silver  image  is  re 
moved  by  some  agent  such  as  Farmer's  Re 
ducer.  The  well-known  developer,  pyro- 
gallol,  when  used  without  sulfite,  gives  a 
very  strong  brown  "stain"  image.  This 
was  first  described  by  Liesegang  x  in  1895. 
Hydroquinone,  catechol,  amidol,  and  a 
number  of  other  well-known  developers 
also  give  stain  or  dye  images.  0-Amino- 
phenol,  4-methoxynaphthol,  hydroeoerulig- 
none,  indoxyl,  and  thioindoxyl  are  other 
agents  which  produce  a  dye  image.  The 
two  latter  agents  were  investigated  by 
Homolka2  in  1907. 

The  exact  structure  of  the  "stain"  or 
dye  images  produced  by  the  normal  de 
velopers  such  as  pyrogallol  and  hydroqui- 
none  is  not  known,  but  it  is  composed  of 
polymerization  products  of  the  oxidized 
developers  and  is  closely  related  to  the 
type  of  compounds  known  as  humic  acids.3 

The  reaction  involved  when  indoxyl  is 
used  as  a  developer  is  perfectly  straight 
forward.  This  substance  is  an  intermedi 
ate  of  the  dye  indigo.  During  the  develop 
ment  of  a  latent  image  indoxyl  is  oxidized 
to  form  the  insoluble  dye  which  is  de 
posited  simultaneously  with  the  silver 


1  Liesegang,  Phot.  Arch.  36,   115    (1895). 

2  Homolka,  Phot.  JKorr.  44,  55,  115   (1907);  51, 
256,  471   (1914).     Brit.  J.  Phot.  54,  136,  196,  216 
(1907).    Ermen,  Brit.  J.  Phot.  70,  47,  299  (1923). 

sTausch,  Thesis,  Dresden  (1934). 


image  according  to  the  reaction 


4AgBr 


4Br- 


In  a  similar  manner  a  number  of  other 
dye  intermediates  and  leuco  bases  can  be 
used  as  developers  and  form  dye  images. 

The  developer,  0-aminophenol,  is  not  a 
leueo  base  but  is  called  a ' l  self  -coupling ' '  de- 


veloper.    It  forms  the  dye 


as  follows 


,NH2 


Dye-image  formation  by  development 
with  leueo  bases  or  self  -coupling  developers 
has  never  become  of  any  practical  impor 
tance  because  of  the  poor  color  and  insta 
bility  of  the  images  which  can  be  formed 
or  because  of  the  poor  latent-image  devel 
oping  properties  of  the  compounds. 


4  Von  Auwers,  Borsehe,  and  Weller,  Ber.  54,  1291 
(1921). 
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In  1912  Fischer 5  found  that  certain 
agents,  when  added  to  p-phenylenediamine 
or  p-aminophenol  developer  solutions, 
would  cause  the  formation  of  a  dye  image 
accompanying  the  silver  image.  This  was 
found  to  be  due  to  the  "  coupling M  of  this 
added  material  to  the  oxidized  developer 
and  the  material  was  called  a  "coupler." 
This  nomenclature  is  still  in  use.  Fischer 
realized  that  this  principle  had  many  prac 
tical  applications  and  he  patented  6  the  use 
of  such  processes  for  the  production  of 
prints  in  color  and  for  color  photography. 
His  patents  included  images  consisting  of 
dyes  belonging  to  five  different  classes — 
namely,  indophenols,  indoanilines,  inda- 
mines,  indothiophenols,  and  azomethines. 
The  type  of  coupling  development  found 
by  Fischer  did  eventually  have  practical 
application  in  the  Kodachrome,  Kodaeolor, 
Agfacolor,  and  Anseo  Color  processes  of 
the  present  day. 

Types  of  Dyes  Formed  by  Coupling  De 
velopment.  There  are  two  types  of  de 
velopers  which  can  be  used  as  coupling  de 
velopers,  derivatives  of  p-phenylenediamine 


TABLE    18.1.     EFFECT  OF  ADDED   GROUPS  ON   THE 

COLOR  FORMED  FROM  PHENOL  AND  NAPHTHOL 

COUPLERS  (DEVELOPER  DIETHYL-P- 

PHENYLENEDIAMINE) 


NH2 


and     derivatives    of    p-aminophenol 


Both    couple    at    the    ammo    group 


yv    so  that  the  amino  group  in  the  p-amino- 

phenol  developers  and  one  of  the  amino 
groups  in  the  p-phenylenediamine  develop- 


Coupler 

Group 
Added 

Color 

Phenol   

Greenish  blue 

o-Cresol  

CH3 

Blue 

1,3,6-Xylenol  

Two  CH3 

Deeper  blue 

a-Naphthol 

Blue 

Dichloro-a-naphthol  
Trichloro-a-naphthol  
Pentachloro-a-naphthol  .  . 

TwoCl 
Three  Cl 
Five  Cl 

Cyan 
Green  cyan 
Green 

s  Fischer,  Brit.  J.  Phot.  60,  595,  712  (1913); 
61,  329  (1914). 

6U.S.P.  1,055,155;  1,079,756;  1,102,028.  DJR.P. 
253,335. 


ers  must  be  unsubstituted.  There  are  also 
two  general  types  of  couplers,  phenols  (or 

OH 
napthols)    (    J     and  materials   containing 

H2 
an  active  methylene  group,  =C — C — C=, 

a  CH2  group  connected  directly  to  two  un- 
saturated  carbon  atoms.  A  p-phenylene- 
diamine  derivative  couples  with  a  phenol 
to  form  an  indoanUine  dye.  A  p-amino- 
phenol  derivative  couples  with  a  phenol  to 
form  an  indophenol  dye.  The  dyes  formed 
when  either  p-phenylenediamine  or  p-ami- 
nophenol  couples  with  an  active  methylene 
group  are  called  azomethine  dyes. 

Couplers.  The  various  elements  and 
groupings  that  are  combined  in  a  com 
pound  which  behaves  as  a  coupler  can  be 
divided  into  two  parts.  The  first  of  these 
is  the  color-forming  part,  which  deter 
mines  to  a  great  extent  (when  used  with 
a  given  developer)  the  color  of  the  dye 
which  is  formed  or  the  general  region  of 
the  spectrum  in  which  the  dye  will  absorb 
light.  The  other  parts  of  the  material  in 
fluence  the  stability  of  the  dye  formed,  the 
solubility  of  the  dye  formed,  as  well  as  the 
solubility  of  the  coupler  itself  in  a  devel 
oper  solution,  the  diffusibility  of  the  cou 
pler  through  an  emulsion  layer,  and  other 
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physical  characteristics.  These  functions 
will  be  discussed  further  in  a  later  section. 

All  the  phenol  or  naphthol  couplers  form 
dyes  which  absorb  light  in  the  red  end  of 
the  spectrum,  thus  giving  cyan  or  blue 
dyes.  A  few  of  the  well-known  couplers 
and  the  colors  which  they  form  with  di- 
ethyl-p-phenylenediamine  are  shown  in 
Table  18.1. 

Couplers  which  are  pyrazolones,  cyano- 
acetyl  compounds,  and  derivatives  of  p-ni- 
trobenzylcyanide,  02N<(  )>CH2CN,  when 
coupled  with  diethyl-p-phenylenediamine, 
give  dyes  with  the  major  absorption  in  the 
green  region  of  the  spectrum,  thus  leading 
to  magenta  or  orange  dyes.  A  few  of  the 
better  known  couplers  of  this  type  are 
shown  in  Table  18.2. 

TABLE  18.2.      COUPLERS  WHICH  GIVE  A  MAGENTA  DYE 
WITH  DIETHYL-p-PHENYLENEDIAMINE 

l-p-Nitrophenyl-3-methyl-5-pyrazolone 

l-Phenyl-3-methyl-o-pyrazolone 

p-Nitrobenzylcyanide 

Benzoylacetonitrile 

Naphthoylacetonitrile 

Couplers    with    the    active    methylene 
0 

group  between  two  — C —  groups  give  dyes 
which  have  their  major  absorption  in  the 
blue  region  of  the  spectrum  and  are  thus 
yellow  or  orange.  A  few  of  them  are 
shown  in  Table  18.3. 

TABLE  18.3.      COUPLERS  WHICH  GIVE  A  YELLOW  DYE 
WITH  DlETHYL-p-PHENYLEXEDIAMIXE 

Ethyl  acetoacetate 
Ethyl  benzoylacetate 
Acetoacetanilide 
/3-NaphthoyIacetone 
Diethyl  malonate 

Thus,  the  cyan  and  blue  dyes  obtained 
by  coupling  development  are  indoanailine 
or  indophenol  dyes,  and  the  yellow,  orange, 
and  magenta  dyes  are  azomethine. 


Coupling  Developers.  The  most  impor 
tant  developers  used  for  coupling  to  make 
a  dye  image  are  the  substituted  p-phen- 
ylenediamines.  These  may  have  one  or 
two  of  the  hydrogen  atoms  on  one  of  the 
nitrogens  substituted  by  methyl,  ethyl,  or 
other  groups,  and  may  have  similar  groups 
substituted  in  the  benzene  ring.  However, 
one  of  the  ammo  groups  must  remain  un- 
substituted  in  order  for  the  developer  to 
couple. 

The  exact  structure  of  the  developer  in 
fluences  the  solubility  of  the  dyes  formed, 
the  stability  of  the  dyes,  and  the  exact 
color  which  is  obtained  from  a  given  cou 
pler.  Table  18.4  indicates  the  colors  which 
are  obtained  when  a  few  different  develop 
ers  are  used  with  a  given  coupler. 

TABLE     18.4.       EFFECT     OF     DEVELOPING     AGENT     ON 
COLOR  OBTAINED  WITH  DICHLORO-a-NAPHTHOL 


Developing  Agent 

Group  Added 

Color 

p-Phenylenediamine    . 
p-Toluylenediamine  
Dimethyl-p-phenylene- 

CHs  on  ring 
Two  CHs  groups 

Pink  or  purple 
Blue 

Cyan  Blue 

Diethyl-p-phenylene- 
dia.m.i.ne        •  • 

on  N 
Two  CsHe  groups 

Cyan 

on  N 

One  of  the  chief  disadvantages  of  the 
normal  p-phenylenediamine  developers  is 
their  strong  tendency  to  cause  a  severe 
rash  on  human  skin.  In  using  such  de 
velopers,  extreme  care  must  be  exercised 
to  avoid  contact  with  the  developer  solu 
tion.  Skin  irritations  have  occurred  after 
repeated  use  of  such  developers  even  when 
great  care  has  been  taken  to  avoid  contact. 
On  continued  exposure  to  p-phenylenedia- 
mine  a  person  does  not  develop  an  immu 
nity  to  it  but  actually  develops  increased 
sensitivity. 

In  recent  years  a  number  of  patents  have 
been  granted  describing  new  developers 
which  are  stated  to  be  an  improvement 
over  the  well-known  dimethyl-p-phenylene- 
diamine  and  diethyl-p-phenylenediamine. 
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U.S.P.    2,210,843    describes    a    compound 
N(C2H4-OH)2 

which  has   OH  groups  sub- 


stituted  in  the  two  ethyl  groups  of  di- 
ethyl-p-phenylenediamine.  This  compound 
is  much  more  soluble  in  a  developer 
solution  than  diethyl-p-phenylenediamine. 
U.S.P.  2,163,166  describes  the  compounds 


where  R^  is  an  alkylene  or  ary- 

NH2 
lene  group  and  T  is  COOH  or  S03H,  and 

R 
the  compounds  H2N</       \N       ,  where  R 

X 

represents  H,  alkyl,  aryl,  or  hydroxy  alkyl 
and  Z  represents  —  (CH2CH20)rt—  CH2- 
CH2OH.  These  compounds  are  stated  to 
be  more  soluble  than  the  usual  color  de 
velopers  and  to  have  greatly  decreased 
toxic  action  on  human  skin.  U.S.P.  2,- 
193,015  describes  the  developer  compounds 


\ 


where   X   represents 


R-Su 


hydrogen  or  alkyl,  R  represents  alkylene, 
Su  represents  — S02NH2,  —  S02NHR',  or 
— NHSOs-K',  where  R'  is  hydrogen  or  alkyl. 
These  compounds  are  also  stated  to  be 
more  soluble  than  normal  color  developers 
and  much  less  toxic. 

p-Aminophenol  and  substituted  p-amino- 
phenol  can  also  be  used  as  color  developers. 
However,  the  solubility  and  the  instability 
of  the  dyes  formed  from  these  developers 
make  them  unsatisfactory,  and  they  have 
not  been  used  in  practice. 


Developer   Solution   Ingredients.     The 

constituents  of  coupling  developer  solu 
tions  are  the  coupler,  the  developer,  an 
alkali  which  is  usually  required  to  dissolve 
the  coupler  and  to  make  the  developer  suf 
ficiently  active,  a  buffer  to  preserve  the 
alkalinity,  a  small  amount  of  sulfite  to  act 
as  preservative  (the  large  amount  of  sulfite 
used  in  normal  black-and-white  developers 
usually  interferes  with  the  coupling  reac 
tion),  bromide,  and  frequently  an  addi 
tional  organic  antifoggant.  In  some  cases 
an  organic  solvent  such  as  alcohol  is  used 
instead  of  an  alkali  for  dissolving  the 
coupler.  Formulas  for  color-developer 
solutions  which  give  cyan,  magenta,  and 
yellow  dye  images  suitable  for  three-color 
work,  as  well  as  a  variety  of  colors  suit 
able  for  monochrome,  have  been  published 
by  Colton.7 

Chemistry  of  the  Coupling  Development 
Reaction.  During  development  or  other 
methods  of  developer  oxidation,  the  cou 
pler  reacts  with  the  oxidized  developer  as 
follows  : 


N(CH3)2 


NH2 
Developer 


OH 


4AgBr    -+ 


Coupler 


N(CH3)2 


-f     4Ag 


Dye 

Four  molecules  of  silver  bromide  are  re 
duced  and  four  molecules  of  hydrobromic 


Colton,  Photo-Technique  1   (September  1939), 


16. 
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acid  are  formed.  The  reaction  of  a  coupler 
with  an  active  methylene  group  can  be 
shown  by  a  similar  equation : 

N(CH3)2       0          OH 
[      j     +  CH,C— CH2C— N<(        y  +  4AgBr  -* 

VH,  Coupler 

Developer 

0  O 

CH,C— O-CNH<^        ^>  +  4Ag  +  4Br~  +  4H+ 


Certain  phenol  couplers  have  the  cou 
pling  position  occupied  by  a  chlorine  atom 
rather  than  the  hydrogen.  In  this  case  the 
chlorine  is  split  off  during  the  coupling 
reaction  and  the  same  dye  is  formed  as  if 
the  chlorine  had  not  been  present.  For 
example, 


2AgBr 


2Br- 


l-  +  3H+ 


Only  two  molecules  of  silver  bromide  are 
reduced,  and  two  molecules  of  hydrobromic 
and  one  molecule  of  hydrochloric  acid  are 
released. 


In  practice,  during  the  simultaneous  de 
velopment  of  a  silver  and  dye  image,  re 
actions  similar  to  those  shown  above  take 
place  but,  in  addition,  some  of  the  oxidized 
developer  reacts  with  sulfite,  which  is  nor 
mally  included  in  all  developer  solutions. 
The  reaction  is 

N(CH,)2 

+     2AgBr  +  SO,  *»  -+ 


N(CH,)« 


r  +  2Ag  +  2Br~  +  H+ 


NH; 


In  addition,  some  developer  is  oxidized  by 
the  oxygen  of  the  air,  thus  forming  dye 
without  the  formation  of  silver,  so  that  it 
is  quite  difficult  to  demonstrate  experi 
mentally  the  four-to-one  ratio  of  the 
amount  of  silver  and  dye  formed  (or  two- 
to-one  in  the  case  of  chloro-substituted 
couplers)  as  indicated  by  the  above  equa 
tions. 

The  coupling  reaction  has  been  investi 
gated  by  Flannery  and  Collins.8  They 
used  developers  containing  no  sulfite  but 
did  not  mention  any  specific  steps  taken 
to  eliminate  oxygen.  For  the  cyan  coupler, 
2,4-dichloro-a-naphthol,  they  found  1.83 
molecules  of  silver  for  every  molecule  of 
dye  formed  during  the  development  re 
action.  This  is  in  fair  agreement  with  the 
value  2,  which  would  be  predicted  from  the 
equation  for  a  chloro-substituted  coupler. 
For  the  magenta  coupler,  1-p-nitrophenyl- 
3-methyl-5-pyrazolone,  3.64  molecules  of 
silver  per  molecule  of  dye  were  formed; 
and  for  the  yellow  coupler,  furoyl-2-acet- 
2',4'-xylidide,  3.4  molecules  of  silver  per 
molecule  of  dye.  These  results  are  in  fair 
agreement  with  the  theoretical  value  of  4. 
The  deviation  of  these  results  from  the 


s  Flannery  and  Collins,  Phot.  J.  86B,  86  (1946). 
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theoretical  values  must  be  attributed  to 
experimental  error  rather  than  to  any 
error  in  the  equations  themselves,  because 
the  structure  of  the  dyes  formed  by  a 
number  of  couplers  has  been  determined 
and  is  in  agreement  with  the  structure 
given  by  the  equations. 

Practical  Use  of  Coupling  Development. 
In  order  for  coupling  development  to  be 
used  in  practice,  a  number  of  requirements 
must  be  fulfilled.  For  a  dye  image  to  be 
formed,  the  dye  which  is  formed  during 
development  must  be  insoluble  and  not  be 


washed  out  of  the  film.    Resorcinol 


/OH 


is  an  excellent  coupler,  but  with  the  nor 
mal  coupling  developers  it  forms  a  dye 
which  is  soluble  in  the  developer  solution. 
The  dye  must  also  have  the  proper  color, 
particularly  for  three-color  photography, 
and  must  also  have  adequately  stability 
against  fading. 

For  use  in  the  Kodachrome  process 9>  10 
of  the  Eastman  Kodak  Company,  the  cou 
plers  must  be  adequately  soluble  in  the  de 
veloper  solution  and  must  diffuse  freely 
through  the  gelatin  so  that  the  dye  images 
may  be  formed  in  the  proper  layers.  The 
particular  couplers  which  most  adequately 
fulfill  the  coupler  and  dye  requirements 
have  required  extended  technological  in 
vestigation,  but  couplers  such  as  2,4-di- 
chloro-1-naphthol,  l-phenyl-3-methyl-5-py- 
razolone  and  acetoacet-2,5-dichloroanilide 
are  of  the  types  that  could  be  used. 

The  coupler  requirements  for  a  process 
such  as  Agfacolor,  Anseo  Color,  or  Koda- 
color  are  quite  different.  In  these  films  the 
couplers  are  included  in  the  emulsions 
themselves  and  must  be  of  such  a  nature 
that  they  do  not  wander  from  one  layer  to 


the  next.  This  is  accomplished  by  the  at 
tachment  of  large  organic  groups  to  the 
coupler  molecules,  the  nature  of  these 
groups  being  such  that  they  immobilize  the 
coupler  and  yet  do  not  interfere  with  the 
coupling  reaction,  or  change,  to  any  large 
extent,  the  color  of  the  dye  formed.  Cou 
plers  of  the  type  used  in  Agfacolor  and 
Ansco  Color  are  described  in  a  number  of 
patents.11  For  example,  the  compound  1- 
stearoylamino-4-  (l'-hydroxy- 2'-naphthoyl- 
amino )  -benzene-3-sulf onic  acid 


OH 


O    H 


H    O 


is  described  as  a  cyan  coupler.    The  group 
OH 

is   the   coupling   or   dye-forming 


9  Mees,  /.  Franklin  Inst.  233,  41   (1942). 
iQDavies,  Phot.  J.  76,  248   (1936). 


part;  the  group  — Ci7H35  is  the  part  of  the 
molecule  which  prevents  wandering  from 
one  layer  to  another;  and  the  group 
— S03H  introduces  enough  solubility  so 
that  the  coupler  may  be  properly  dispersed 
in  the  emulsion.  These  latter  groups  do 
not  have  any  significant  effect  on  the  color 
of  the  dye  formed.  The  experimental  work 
which  led  to  the  development  of  the  non- 
wandering  couplers  for  use  in  Agfacolor 
film  has  been  summarized  by  Schneider, 
Frohlich,  and  Schultze.12 

The  Kodacolor  process  of  the  Eastman 
Kodak  Company,  first  described  by  Dr.  C, 
E.  K.  Mees,13  makes  use  of  a  different 
method  of  dispersing  the  couplers  in  the 
emulsions  and  immobilizing  them  against 
wandering  from  one  layer  to  another.  The 
couplers  in  their  emulsion  layers  are  not 

nU.S.P.  2,186,732;  2,186,849,-  2,186,851;  2,179,- 
239;  2,186,719. 

12  Schneider,  Frohlich,  and  Schultze,  Die  Chemie 
57,  113  (1944). 

is  Mees,  J.  Franklin  Inst.  233,  41   (1942). 
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dissolved  in  the  gelatin  itself  but  are  car 
ried  in  very  small  particles  of  oily  organic 
materials  which  protect  them  from  the 
gelatin  and,  at  the  same  time,  protect  the 
silver  bromide  from  any  interaction  with 
the  couplers.  When  development  takes 
place,  the  oxidation  product  of  the  devel 
oping  agent  dissolves  in  the  organic  mate 
rial  and  there  reacts  with  the  coupler  so 
that  the  dyes  are  formed  in  the  small 
particles  dispersed  in  the  layers.  A  num 
ber  of  liquids  which  might  be  used  as  the 
solvent  for  the  coupler  and  a  number  of 
compounds  which  might  be  used  as  the 
couplers  themselves  have  been  described 
in  patents.14 

Several  other  methods  of  immobilizing 
couplers  have  been  described  in  recent  pat 
ents.  U.S.P.  2,296,306  describes  coupler 
compounds  which  have  attached  to  them  a 
molecular  group  which  forms  an  insoluble 
salt  with  silver  ions.  The  silver  salt  of  this 
compound  can  be  put  in  an  emulsion  and 
forms  a  dye  on  subsequent  color  develop 
ment.  A  number  of  patents 15  describe 
couplers  which  are  prepared  by  attaching 
a  coupler  molecule  to  certain  types  of  col 
loidal  materials.  This  material  is  then 
used  as  a  carrier  for  the  grains  in  the 
emulsion,  rather  than  gelatin  which  is 
normally  used.  Thus,  the  coupler  itself 
becomes  a  part  of  the  carrier  in  which 
the  emulsion  is  formed. 

Colored  Couplers.  The  dyes  obtained 
from  coupling  development  are  now  in 
wide  use  in  three-color  photography. 
However,  these  dyes  have  certain  charac 
teristics  which  cause  a  significant  loss  in 
quality  when  a  color  print  is  made  from  a 


color  transparency  or  when  a  color  trans 
parency  is  duplicated.  In  the  ideal  case, 
the  cyan  dye  used  in  a  color  photograph 
should  have  density  in  the  red  region  of 
the  spectrum,  but  no  density  in  the  green 
and  blue  regions.  In  practice,  cyan  dyes 
do  have  density  in  the  blue  and  green  re 
gions  of  the  spectrum.  Magenta  dyes 
which  should  have  density  only  in  the 
green  region  of  the  spectrum  also  have 
some  density  in  the  blue  region.  These 
densities  of  the  dyes  in  the  improper  re 
gion  of  the  spectrum  contribute  a  good 
deal  of  darkening  and  desaturation  when 
a  color  transparency  is  duplicated.  By  the 
use  of  colored  couplers,  as  described  by 
P.  W.  Vittum  and  W.  T.  Hanson,  Jr.,16 
these  imperfections  can  be  canceled.  This 
is  accomplished  by  introducing  into  the 
coupler  itself  a  color  that  contributes  den 
sity  in  a  given  region  of  the  spectrum 
which  is  just  equal  to  the  undesired  den 
sity  of  the  dye  that  is  formed  from  that 
coupler.  Let  us  take  a  magenta  dye  for  an 
example.  Figure  18.1  shows  the  spectro- 


60O 
WAVE     LENGTH    IN    MILLIMICRONS 


14U.S.P.  2,322,027;   2,304,940. 
is U.S.P.  2,397,864;  2,397,867;  2,415,381;  2,415,- 
382;  2,422,680. 


FIG.  18.1.     Spectrophotometric  curves  of  a  se 
ries  of  concentrations  of  a  typical  magenta  dye. 


is  Vittum  and  Hanson,  Jr.,  P.  JS.  A.  Journal  13, 
2   (1947). 
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photometric  curves  of  a  series  of  concen 
trations  of  a  typical  magenta  dye.  Here 
the  density  is  the  ordinate  and  the  wave 
length  is  the  abscissa.  This  dye  has  high 
density  in  the  green  region  of  the  spectrum 
but  also  has  some  density  in  the  blue  re 
gion.  The  density  in  the  blue  region  is 
the  objectional  feature  of  this  dye  for  use 
in  color  photography.  Now,  suppose  that 
the  coupler  from  which  this  dye  was 
formed  is  colored  yellow  and  has  a  spectro- 
photometric  curve  in  a  given  concentra 
tion,  as  shown  in  Fig.  18.2.  As  magenta 
dye  is  formed  from  this  coupler,  the  color 
of  the  coupler  itself  is  destroyed.  The 
result  is  shown  in  Fig.  18.3.  The  curve 
representing  the  color  of  the  coupler  itself 
is  reproduced  from  Fig.  18.2  and  is  labeled 
"A."  The  maximum  concentration  of 
magenta  dye  which  is  formed  when  all  of 
the  coupler  is  used  up  corresponds  to  the 
top  curve  in  Fig.  18.1,  and  this  is  labeled 
"B".  At  intermediate  conditions  where 
some  of  the  coupler  has  reacted  and  some 
magenta  dye  has  been  formed,-  the  speetro- 
photometrie  curve  of  the  resulting  mixture 
will  be  the  sum  of  that  for  the  coupler 
that  remains  and  that  for  the  magenta 
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FIG.  18.2.     Yellow-colored  coupler  for  correct 
ing  blue  absorption  of  magenta  dye. 


PIG.  18.3.  Speetrophotometric  curves  of  a  se 
ries  of  concentrations  of  a  magenta  dye  ob 
tained  from  a  typical  yellow-colored  coupler. 

dye  which  is  formed.  A  number  of  these 
intermediate  conditions  are  shown  in  Fig. 
18.3.  It  can  be  seen  that  the  curves 
representing  all  of  the  concentrations  of 
dye  pass  through  the  same  point  in  the 
blue  region  of  the  spectrum.  This  density 
in  the  blue  region  of  the  spectrum  is  a 
constant  independent  of  the  amounts  of 
magenta  dye  that  is  formed,  so  that  the 
resultant  image  behaves  effectively  as  if 
the  magenta  dye  had  no  blue  absorption. 

In  a  similar  manner,  an  orange-colored 
coupler  with  the  proper  amount  of  density 
in  the  blue  and  green  regions  of  the  spec 
trum  could  exactly  cancel  the  blue  and 
green  densities  of  the  cyan  dye  formed 
from  that  coupler. 

Couplers  which  will  form  a  dye  having 
the  characteristics  shown  in  Fig.  18.3  may 
be  made  by  attaching  a  colored  component 
to  the  active  position  of  that  coupler  so 
that  when  the  coupler  reacts  with  oxidized 
developer  to  form  a  dye  the  colored  com 
ponent  of  the  coupler  itself  is  expelled  and 
destroyed  and  the  normal  dye  is  formed. 
The  type  of  reaction  which  occurs  is  illus 
trated  by  the  following  typical  dye-form- 
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ing  reactions,  A,  with  a  normal  uneolored  coupler,  and  B,  with  a  colored  coupler : 

A.     CH,— C CH2+  H2N/ S>N(CH,)2  +  AgBr   -»   CHS— C C=N— <^ N— N(CH,) 

II  !  > '  II  !  N / 

Developer 


Coupler 

B/"1TT          f*\       OtT        XT TV-/"^  >t      I      TT  XT,/'  N,  XT //^TT  \        |       A  *»"DT« 

L/Jtl, — C UH — IN==IN<  >  -t-  ri2lN<  >JN  (0x13)2  ~r  Agl5r 

II        i  N — /        N — / 

N  C  Developer 


Magenta  Dye 


Colored  coupler 


CH 


N  (CH,)a 


The  same  dye  is  formed  in  both  of  these 
reactions. 


Magenta  dye 

form  dye  remains  in  the  film  and  takes 
part  in  the  final  image.     Couplers  of  this 


This  type  of  coupler  can  be  used  only  in     type  have  been  described  in  a  number  of 


a  color  process  in  which  the  coupler  is  in 
the  emulsion,  rather  than  in  the  developer, 
and  the  residual  coupler  which  does  not 


patents.17 

irCan.  P.  436,354;  436,847;  U.S.P.  2,434,272; 
2,428,054. 


Chapter  79 

FIXING,  WASHING,  AND  AFTER  PROCESSES 


The  removal  of  the  silver  halides  re 
maining  after  development  requires  two 
operations:  (1)  fixing,  the  conversion  of 
the  silver  halides  into  water-soluble  com 
pounds,  and  (2)  washing,  to  remove  these 
compounds. 

Although  there  are  a  number  of  solvents 
of  the  silver  halides,  only  sodium  and  am 
monium  thiosulfate  are  in  widespread  use 
as  fixing  agents.1 

Sodium  thiosulfate  (hypo)  has  been 
used  since  1839  when  Hersehel  pointed 
out  its  advantages  over  a  solution  of  so 
dium  chloride  to  Fox-Talbot.  Ammonium 
thiosulfate  fixes  emulsions  containing  sil 
ver  iodide  more  rapidly,  and  acid  fixing 
and  hardening  baths  of  ammonium  thio 
sulfate  and  alum  retain  their  hardening 
properties  over  a  longer  period  than  those 
compounded  with  hypo.  The  solvent  ac 
tion  of  ammonium  thiosulfate  on  finely 
divided  silver,  however,  is  greater  than 
that  of  hypo,  and  prolonged  fixing  is  to 
be  avoided,  particularly  with  fine-grain 
negative  materials  and  with  paper  emul 
sions. 

Chemistry  of  Fixation.  Hersehel  iso 
lated  two  silver  thiosulfates,  which  Lenz, 
in  1841,  identified  as  Ag2S203-Na2S203 
and  Ag2S0203-2Na2S203.  The  latter  anal 
ysis,  however,  was  incorrect,  and  as  a 
result  the  formulas  for  the  process  of  fix 
ation  given  in  the  literature  of  photog- 


i  In  addition  to  lithium  and  guanidine  thio 
sulfate,  the  list  of  fising  agents  includes  potas 
sium  cyanide,  thiourea,  potassium  and  ammonium 
thiocyanate,  sodium  chloride,  sodium  sulfite,  and 
ammonia.  The  last  three  are  of  theoretical  in 
terest  only. 


raphy  for  more  than  one  hundred  years 
are  all  incorrect. 

According  to  Baines,2  the  mechanism  of 
fixation  is  as  follows.  The  thiosulfate  ion 
is  adsorbed  by  the  silver  halide  grain  to 
form  the  monoargenta-monothiosulfate  ion. 
Further  reaction  of  thiosulfate  ion  with 
this  complex  forms  the  more  negatively 
charged  monoargentodithiosulfate  ion, 
which  disassociates  from  the  solid  surface. 
Halide  ions  of  the  grain  structure  become 
liberated  in  the  anionic  form  with  removal 
of  the  lattice  silver  ions.  The  reactions 
may  be  stated  more  specifically  as  follows  : 


AgBr 

(Solid) 


S2O3  =  (AgS2O3)=  +  Br~ 
(Adsorption  complex) 

)-  +  S203=  =  [AgCSaOs)*]- 
(Desorbed) 

With  the  continued  solution  of  silver 
halide  in  sodium  thiosulfate  solution,  the 
halide  ion  concentration  rises  in  propor 
tion  to  the  amount  of  silver  halide  dis 
solved.  The  silver  ion  concentration  rises 
slowly  with  increase  in  the  concentration 
of  complexes  and  the  formation  of  com 
plexes  of  high  silver  ratio.  When  the 
product  of  silver  ion  and  halide  ion  con 
centration  reaches  the  solubility  product 
of  the  least  soluble  silver  halide  present, 
the  solution  will  dissolve  no  more  of  the 
silver  halide.  Omitting  these  highly  un 
stable  and  transitory  complexes,  the  basic 
reaction  is: 

Ag+  +  2S203=  -»  [Ag(S203)2]- 


2  Baines,    The    Science    of    Photography,    John 
Wiley  and  Sons,  Inc.,  New  York,  1958. 


249 


250 


FIXING,  WASHING  AND  AFTER  PROCESSES 


5     10  25 

TIME  IN  MINUTES 

FIG.  19.1.     Curve  showing  the  fraction  of  sil 

ver  halide  dissolved  in  an  acid  fixing  and  hard 

ening  bath  plotted  against  time. 

Bate  of  Fixation.  If  the  fraction  of 
silver  halide  dissolved  is  plotted  against 
time,  the  resulting  curve  has  a  short  con 
cave  portion  which  soon  becomes  a  straight 
line.  Thus,  excluding  the  earlier  stages, 
the  amount  of  silver  halide  dissolved  is 
proportional  to  the  amount  present.  The 
relationship,  therefore,  is  an  exponential 
function  and  can  be  represented  as: 

dx 


where 

a  is  the  initial  concentration 

d  is  the  diffusion  factor 

k  is  the  rate  factor 

x  is  the  halide  dissolved  in  time  t. 

The  rate  of  fixation  depends  on  : 

1.  The     concentration     of     thiosulfate. 
Other  things  being  equal,  the  rate  increases 
with  the  concentration,  but  at  higher  con 
centrations  the  increase  is  very  slight  (Fig. 
19.1). 

2.  The  thiosulfate  compound  employed. 
Ammonium  thiosulfate  fixes  much  faster 
than  sodium  thiosulfate  (Fig.  19.2). 

3.  The    nature    and    thickness    of    the 
emulsion.  Fine-grain  emulsions  fix  faster 
than  those  of  large  grains,  and  emulsions 
of  silver  chloride  fix  faster  than  those  of 
silver  bromide.     Emulsions  containing  io 


dide  fix  more  slowly  than  those  of  silver 
bromide  alone.  Other  things  being  equal, 
a  thickly  coated  emulsion  requires  a  longer 
fixing  time  than  a  thinly  coated  one. 

4.  The   temperature.     The   fixing   time, 
for  a  given  concentration  of  thiosulfate, 
varies  with  the  temperature   (Fig.  19.2). 
Temperatures  higher  than  75 °F.   are  in 
advisable,  however,  with  acid  fixing  and 
hardening  baths. 

5.  Degree  of  exhaustion.     The  time  of 
fixing  is  greatly  increased  by  the  accumu 
lation  of  the  dissolved  halides  in  the  solu 
tion  and  particularly  by  iodide. 

6.  Agitation.    Agitation  tends  to  reduce 
the  time  of  fixing  but  the  effect  is  slight 
on  fine  grain  or  thinly  coated  emulsions. 

Acid  Fixing  Baths.  Fixing  baths  of  so 
dium  or  ammonium  thiosulfate  alone  have 
a  short  useful  life  because  the  developing 
solution  carried  over  into  the  bath  in  the 
emulsion  layer,  or  the  paper,  oxidizes  and 
staining  occurs.  This  may  be  prevented 
by  using  an  acid  stop  bath  between  devel 
oping  and  fixing,  or  by  making  the  fixing 
bath  acid. 

The  addition  of  an  acid  results  in  the 
decomposition  of  the  thiosulfate;  however, 
an  acid  sulfite,  such  as  sodium  bisulfite,  or 
potassium  metabisulfite,  may  be  added  to 
produce  a  practical  acid  fixing  bath. 

Acid  Fixing  and  Hardening  Baths.  It 
is  usually  desirable  to  harden  the  gelatin 
after  development  and,  although  this  may 
be  accomplished  by  a  hardening  stop  bath 
prior  to  fixing,  the  usual  practice  is  to 
combine  hardening  with  fixing. 

The  conventional  fixing  and  hardening 
bath  contains  in  addition  to  the  fixing 
agent : 

1.  An  organic  acid,  usually  acetic,  to 
provide  the  necessary  acidity  to  stop  de 
velopment  and  create  the  proper  pH  for 
effective  hardening. 


ACID  FIXING  AND  HARDENING  BATHS 
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FIG.  19.2.     Curves  showing  the  clearing  time  in  ammonium  and  sodium  thio- 
sulfate  at  different  concentrations  and  temperatures. 


2.  Sodium    sulfite,    which   prevents    the 
decomposition   of   the   thiosulfate   by  the 
acid  and  forms  colorless  oxidation  prod 
ucts    of    the    developer    thus    preventing 
staining. 

3.  Alum  as  a  hardening  agent.3 

Although  chrome  alum  [Cr2(S04)s 
•K2S04]  hardens  gelatin  more  thoroughly 
than  potassium  alum  [AL^SO-Os-KoSO-iL 
its  hardening  properties  vary  sharply  with 
changes  in  the  pH  of  the  solution  and  fall 
off  rapidly  with  use.  For  this  reason,  po 
tassium  alum  is  generally  used. 

The  hardening  produced  by  an  alum  is 
presumed  to  be  due  to  the  reaction  of  the 
aluminium  ions  Al***,  free  or  adsorbed  to 
hydrous  alumina  and  the  —  CO 00"  groups 
of  the  gelatin  with  the  formation  of  cross- 
linkages  between  chain  molecules. 


s  Aluminium  eliloride  hardens  more  rapidly  tlian 
alum.  Fixing  baths  with  aluminium  chloride  also 
have  a  longer  useful  life  showing  less  tendency 
to  form  sludges  and  to  sulfurize.  U.SJP.  1,981,- 
426. 


The  degree  of  hardening,  other  things 
(e.g.,  temperature,  alkalinity  of  the  film 
when  placed  in  the  fixing  bath,  etc.)  being 
equal,  depends  on  the  pH  of  the  solution,4 
which  in  turn  depends  on  the  relative  pro 
portions  of  acid,  sulfite,  and  alum.  For 
each  concentration  of  acid  there  is  a  defi 
nite  quantity  of  sulfite  which  produces  the 
maximum  hardening  with  a  given  quantity 
of  alum.  If  the  pH  is  too  low  the  bath 
does  not  harden  properly,  tends  to  precipi 
tate  sulfur,  particularly  at  temperatures 
above  70°F.,  and  longer  times  of  washing 
are  required.  On  the  other  hand,  if  the 
pH  is  too  high,  there  is  a  reduction  in  the 
hardening  power,  the  bath  is  no  longer 
effective  in  preventing  stains,  and  a  pre 
cipitate  of  hydrous  oxide  and  related  basic 
salts  may  be  formed  destroying  its  use 
fulness.  The  useful  pH  range  of  potas 
sium  alum  fixing  and  hardening  baths  is 
between  4  and  6. 


4£ussell  and  Crabtree,  J.  Soc.  Mot.  Pict.  Eng. 
21,   137    (1933). 
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Since  the  addition  of  an  alkaline  de 
veloper  tends  to  increase  the  pH  of  the 
fixing  bath,  the  solution  should  be  buffered 
against  an  increase  in  pH.  For  this  reason 
weak  organic  acids,  such  as  acetic,  are 
used  in  preference  to  a  stronger  acid,  such 
as  sulfuric.  The  addition  of  boric  acid 
increases  the  useful  hardening  life  of  po 
tassium  alum  baths  and  reduces  the  tend 
ency  of  the  bath  to  form  a  sludge. 

The  use  of  a  stop  bath  to  prevent  the 
carry  over  of  alkali  into  the  fixing  bath 
will  maintain  the  hardening  properties  of 
the  bath  over  a  longer  period  and  increase 
its  useful  life  by  preventing  sludging.  The 
useful  life  and  the  hardening  properties 
are  also  greatly  increased  if  the  tempera 
ture  is  kept  below  70°F. 

Testing  Used  Fixing  Baths.  The  use 
ful  life  of  a  fixing  and  hardening  bath  may 
depend  upon  the  loss  of  hardening  proper 
ties,  sulfurization  or  sludging,  as  well  as 
the  accumulation  of  silver  and  iodide  in 
the  solution.  If  a  stop  bath  is  used  and  the 
fixing  bath  is  properly  compounded  and 
used  at  a  temperature  not  higher  than 
75 °P.,  the  fixing  capacity  of  the  bath  is 
determined  principally  by  the  amount  of 
silver  and  iodide  (in  the  case  of  negative 
emulsions)  which  have  accumulated  in  the 
used  solution.  With  negative  materials, 
the  clearing  time  is  a  convenient  method  of 
determining  the  activity  of  the  fixing  bath. 
For  practical  purposes  a  good  rule  is  to 
discard  solutions  that  take  twice  as  much 
time  to  clear  as  a  fresh  solution. 

A  more  critical  test  is  a  20%  solution 
of  potassium  iodide.  Add  five  (5)  drops 
of  this  to  an  equal  quantity  of  the  fixing 
bath  and  then  fifteen  (15)  drops  of  water. 
If  a  yellowish-white  precipitate  (not  sim 
ply  a  slight  milkiness)  appears,  the  fixing 
bath  should  be  discarded. 

Tests  of  negatives,  or  prints,  for  incom 
plete  fixation  may  be  made  with  a  solution 
of  silver  sulfide  or  sodium  selenosulfate, 


the  latter  being  a  constituent  of  many 
selenium  toning  solutions.  The  sulfide  test 
is  not  suitable  for  many  glossy  papers,  as 
the  solution  reacts  with  the  baryta  coating 
to  produce  a  stain  which  invalidates  the 
test.5 

Spot  tests  may  be  made  on  the  margins 
of  prints,  or  on  a  piece  of  paper  processed 
for  test  purposes,  with  one  of  the  fol 
lowing  : 

1.  Sodium  sulfide.  ...       2  grams  36  grains 

Water 100  cc.  4  oz. 

For  use  take  one  part  to  9  parts  of  water.     The 
diluted  solution  does  not  keep. 

2.  A  selenium  toner  diluted  with  from  5-10  parts  of 
water. 

With  either  solution  the  drop  of  solution 
should  be  removed  after  2-3  min.  with 
clean  blotting  paper.  If  more  than  a 
light  cream-colored  spot  remains,  the  print 
has  not  been  properly  fixed.  Insufficient 
washing  will  also  result  in  a  stain.6  The 
amount  of  silver  in  a  used  fixing  bath  can 
be  determined  quantitatively  by  adding 
sodium  sulfide  to  a  sample  of  the  solution. 
The  density  of  the  precipitate  formed  de 
pends  on  the  amount  of  silver  present.7 

Washing.  Washing  removes  the  soluble 
silver  thiosulfate  compounds,  the  hypo, 
and  other  substances  present  in  the  fixing 
bath,  from  the  emulsion  and,  in  the  case 
of  papers,  from  the  paper  itself.  If  fixing 
is  incomplete,  no  amount  of  washing  will 
make  the  image  permanent  because  the 
insoluble  silver  thiosulfate  complexes  will 
eventually  discolor.  If  the  material  has 
been  properly  fixed,  but  insufficiently 
washed,  the  hypo  remaining  will,  in  time, 


s  Tests  of  fixing  baths.  See  Glafkides,  Photo 
graphic  Chemistry,  The  Macmillan  Co.,  New  York, 
1959.  Shaner  and  Sparks,  J.  Soc.  Mot.  Pict.  Eng. 
45,  20  (1945). 

eHenn  and  Crabtree,  Phot.  Sci.  #  Tech.  2,  111 
(August  1955). 

THickman  and  Weyerts,  Brit.  J.  Phot.  82,  739 
(1935). 
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combine  with  the  silver  to  form  a  brown- 
yellow  silver  sulfide  usually  with  some 
loss  in  density. 

In  a  constant  supply  of  fresh  water, 
hypo  leaves  the  emulsion  exponentially 
with  time,  or 

dM  __  Apdc 

— T~T  —  /!•*   ~T~ 

dt  dx 

where  dM  is  the  amount  of  thiosulfate 
which  diffuses  out  in  time,  dt;  A  the  area 
of  the  film;  P  is  the  diffusion  coefficient, 
and  dc/dx  is  the  concentration  in  the 
emulsion  layer.  Ammonium  thiosulfate 
fixers  require  about  half  the  washing  time 
of  those  using  hypo. 

When  washing  is  by  changes,  the  amount 
of  thiosulfate  is  reduced  exponentially 
with  the  number  of  changes.  The  time 
required  to  change  the  water  in  a  tray, 
or  tank,  may  vary  from  a  few  seconds  to 
several  minutes,  depending  upon  the  size 
of  the  tank  and  the  rate  of  flow.  In  this 
case,  the  thiosulfate  leaves  the  emulsion 
exponentially  but  the  time  of  washing  is 
longer  than  with  spray  washing  or  in  a 
rapidly  moving  stream. 

The  rate  of  washing  increases  with  the 
temperature  of  the  water  but  the  increase 
at  temperatures  above  75 °F.  does  not  jus 
tify  the  risk  involved  in  the  softening  of 
the  gelatin.  Materials  fixed  in  an  acid 
fixing  and  hardening  bath  wash  more 
slowly  than  films  fixed  in  plain  solutions 
of  hypo,  particularly  if  the  pH  of  the 
fixing  bath  is  below  4.0.  At  pH  values 
above  5.0,  the  composition  of  the  fixing 
bath  appears  to  have  little  effect  on  the 
rate  of  washing. 

The  time  of  washing  depends  also  on  the 
pH  of  the  water  and  may  be  reduced  by 
placing  the  films,  or  papers,  in  (1)  a  2% 
solution  of  ammonia,  (2)  a  2%  solution 
of  sodium  sulfite,  (3)  a  2%  solution  of 
sodium  metaborate  or  proprietary  prod 
ucts  such  as  Kodak  Balanced  Alkali. 


The  washing  of  papers  is  complicated 
by  the  retention  of  thiosulfate  by  the 
baryta  base  of  the  paper.  The  emulsion 
washes  quickly  but  long  times  of  washing 
are  necessary  to  remove  the  hypo  from 
the  paper. 

Tests  for  Hypo.  There  are  many  tests 
for  the  thiosulfates.  The  older,  based  on 
the  water  draining  from  the  films  or 
prints,  are  useful  as  a  first  approximation 
but  are  quite  unreliable  in  the  case  of 
prints  because  the  paper  base  may  still 
contain  an  appreciable  amount  of  hypo. 
From  a  practical  standpoint  only  those 
tests  which  indicate  the  presence  of  hypo 
in  the  emulsion  layer  of  a  negative  mate 
rial,  or  in  a  paper  print,  can  be  considered 
as  dependable. 

The  following  test  may  be  used  for  nega 
tive  materials: 

Mercuric  chloride ....  25  grams  365  grains 
Potassium  bromide. .  .  25  grams  365  grains 
Water  to 1000  cc.  32  oz. 

Place  a  washed  sample  of  the  film,  about 
1  in.  square,  in  about  10  cc.  (J  oz.)  of 
the  solution.  The  appearance  of  a  milky 
precipitate  in  from  10-15  min.  indicates 
the  presence  of  hypo.8 

A  faster  test  of  almost  equal  sensitivity, 
and  one  that  can  be  used  for  papers,  con 
sists  of: 

Water 750  cc.  24  oz. 

Acetic  acid  28% 125  cc.  4  oz. 

Silver  nitrate 7,5  grams  J  oz. 

Water  to 1000  cc.  32  oz. 

Wipe  excess  water  from  the  surfaces  and 
apply  a  drop  of  the  test  solution  to  the 
clear  margin  of  one  of  the  prints  or  an 
unexposed  sheet  of  paper  processed  with 
the  prints  for  test  purposes.  Allow  the 
spot  to  stand  2-3  min.  and  rinse.  If  more 
than  a  very  slight  discoloration  is  present, 


s  Crabtree  and  Ross,  J.  Soc.  Mot.  Pict.  Eng.  14, 
419    (1930). 
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the  print  contains  hypo  and  should  be 
washed  further.9 

Reduction,  Negatives,  or  prints,  which 
are  too  dense  are  often  improved  by  re 
duction. 

The  reduction  of  density  is  an  oxidation 
process  involving  either  the  oxidation  of 
the  silver  (1)  to  a  water-soluble  salt,  or 
(2)  to  a  salt  which  is  soluble  in  a  solvent 
contained  in  the  solution. 

With  a  solution  of  potassium  permanga 
nate  and  sulfuric  acid,  soluble  silver  sul- 
fate  is  formed  as  follows: 

lOAg  +  2KMn04  +  8H2S04  -»  K2S04 

+  2MnS04  +  5AgoS04  +  8H20 

With  a  solution  of  potassium  ferricyanide 
and  hypo,  the  silver  ferrocyanide  formed 
is  soluble  in  hypo,  as  follows : 

(a)  4Ag  +  4KsPe(GN)e 

-»Ag4Pe(CN)c  +  3K4Pe(CN)e 

(b)  3Ag4Fe(CN)o  +  16Na2S208 

-»4Na3Ag3(S203)4  +  3Na4Fe(CN)6 

Types  of  Reducers.  Reducers  are  usu 
ally  divided  into  three  classes: 

1.  8 unproportional  or  subtractive.  With 
these  the  amount  of  reduction  is  propor 
tionally  greater  for  the  low  densities  than 
the  higher   (Fig.  19.3).     Thus  the  reduc 
tion  in  density  results  in  improving  nega 
tives    which    have    been    overexposed,    in 
clearing  lines  in  copies  of  printed  matter, 
etc. 

2.  Proportional.     With  these  all  densi 
ties  are  reduced  in  approximately  the  same 
ratio   (Fig.  19.3).     Reducers  of  this  type 
are  used  chiefly  as  a  correction  for  over 
development. 

3.  Superproportional.     With   these   the 
amount    of    reduction    is    proportionally 
greater  for  the  higher  densities  than  for 
the   low    (Fig.    19.3).     Reducers    of   this 
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FIG.  19.3.  D  log  E  curves  showing  the  effect 
of  reduction  in  (a)  a  proportional  reducer, 
(b)  a  super-proportional  reducer;  (c)  a  sub- 
proportional  reducer  and  (d)  a  subtractive 
reducer. 

type  are  useful  for  improving  negatives 
of  contrasting  subjects,  particularly  if 
overdeveloped. 

Practice  of  Reduction.  In  modern  prac 
tice,  overall  reduction  of  the  negative  is 
usually  required  only  if  the  negative  is 
not  suitable  for  a  particular  printing 
paper  or  if  there  have  been  gross  errors 
in  exposure  or  development.  Local  reduc 
tion  is  much  more  likely  to  be  useful  in 
modern  practice,  but  can  often  be  avoided 
by  skillful  shading  and  the  use  of  variable 
contrast  papers.  Many  different  methods 
of  reduction  will  be  found  in  the  litera 
ture.10  However,  as  with  developers,  all 
practical  needs  are  met  by  a  very  few. 
Little  is  known  of  the  behavior  of  many  of 
the  older  processes  with  modern  mate 
rials.  Preference,  therefore,  should  be 
given  to  current  methods. 

The  usual  subtractive  reducer  is  a  mix 
ture  of  potassium  ferricyanide  and  hypo. 
The  action  of  this  reducer  varies  with 


9  Crabtree,  Eaton,  and  Muehler,  J.  Frank  Inst. 
230,   701    (1940). 


10  Wall,  Intensification  and  Beduction,  American 
Photographic  Publishing  Co.,  Boston,  1924.  Crab- 
tree  and  Muehler,  J.  Soc.  Mot.  Pict.  Eng.  17,  1001 
(1931).  Mees,  The  Theory  of  the  Photographic 
Process,  Ch.  18,  2nd  Ed.,  The  MacmiUan  Co.,  New 
York,  1954. 
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the  concentration  and  with  the  average 
grain  size  of  the  silver  image.  With 
rapidly  acting  solutions  there  is  a  tendency 
to  reduce  the  higher  densities  to  a  greater 
degree  than  the  lower.  This  tendency  is 
usually  more  marked  with  coarse-grain 
than  with  fine-grain  negative  materials. 
With  the  latter  it  usually  tends  to  sub- 
tractive  action.  Dilution  of  the  solution 
results  in  more  nearly  proportional  action 
on  coarse-grain  materials  and  approxi 
mately  proportional  reduction  is  obtained 
by  immersing  the  negative  first  in  a  solu 
tion  of  potassium  ferricyanide  and  then 
in  a  solution  of  hypo  (not  an  acid  fixing 
bath).  The  ferricyanide-hypo  reducer  is 
not  stable.  The  ferricyanide  is  reduced  by 
the  hypo  and  there  are  also  side  reactions. 
Freshly  prepared  solutions  must  be  used 
or  the  image  will  be  stained. 

Proportional  reduction  can  be  obtained 
with  (1)  ferric  ammonium  sulfate,  (2)  a 
combination  of  a  subtractive  and  a  super- 
proportional  reducer,  such  as  potassium 
permanganate  and  ammonium  persulfate, 
(3)  acidified  solutions  of  ammonium  thio- 
sulfate,  and  (4)  by  converting  the  image 
into  a  silver  halide  and  redeveloping  to 
the  desired  contrast  followed  by  fixing. 

Fixing  baths  of  ammonium  thiosulfate 
to  which  citric  acid  has  been  added  (15-30 
grains  per  liter)  make  an  effective  and 
reliable  reducer  with  almost  true  propor 
tional  reduction  on  most  negative  mate 
rials.11  With  coarse-grain  images,  how 
ever,  the  action  is  comparatively  slow,  re 
quiring  15  to  20  min.  or  longer. 

A  convenient  and  reliable  method  which 
is  approximately  proportional  consists  in 
bleaching  the  image  in  a  solution  of  po 
tassium  ferricyanide  and  potassium  bro 
mide,  washing  well,  and  redeveloping  to 
the  desired  contrast  in  a  vigorous  devel 


oper  with  a  low  sulfite  content.  The  use 
of  developers  with  a  high  concentration,  of 
sulfite  or  other  silver  halide  solvents  will 
weaken  the  lower  densities  and  result  in 
subproportional  reduction. 

Ammonium  persulfate  is  the  only  super- 
proportional  reducer  that  is  really  prac 
tical.  The  superproportional  action  is  due 
apparently  to  the  catalytic  action  of  the 
dissolved  silver  and  the  hydrogen  ions  re 
leased  in  the  solution.  The  exact  mecha 
nism  of  the  reaction,  however,  is  still  not 
entirely  clear.12 

The  persulfate  reducer  is  very  sensitive 
to  salts  of  iron,  copper,  and  chlorides. 
Only  persulfate  of  the  highest  purity 
should  be  used  and  the  reducer  prepared 
immediately  before  use  with  distilled 
water.  There  is  little  or  no  apparent  ac 
tion  at  first,  but  when  reduction  begins  it 
proceeds  rapidly  and  care  is  necessary  to 
avoid  overreduction.  The  action  may  be 
stopped  by  placing  the  negative  in  a  fix 
ing  bath  for  3  to  5  min. 

Superproportional  reduction  can  also 
be  obtained  by  a  number  of  processes 
which  combine  intensification  of  the  lower 
densities  with  reduction  of  the  higher,  a 
procedure  originally  described  by  Eder 
and  termed  harmonizing.  If,  for  example, 
the  negative  is  bleached  in  a  solution  of 
potassium  bichromate  and  hydrochloric 
acid,  washed,  partially  redeveloped,  and 
the  silver  halide  removed  by  fixing,  the 
lower  densities  develop  to  completion  and 
are  intensified  while  the  higher  densities 
are  reduced  by  not  being  fully  developed.13 
Considerable  experience  is  required  with 
processes  of  this  kind  to  obtain  the  desired 
result. 

Intensification.  Processes  for  increas 
ing  the  density  and  contrast  of  the  image 
are  known  as  intensification,  which  is  ac- 


nHenn,   Crabtree,   and  Russell,  P.S.A.  Journal 
17B,  100   (November  1951). 


isHigson,  Phot.  J.  61,  237   (1921). 
is  For  review  of  other  methods,  see  5th  Ed.,  pp. 
354-355. 
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complished  by  the  addition  of  a  metal  or 
compound  increasing  density  or  the  ab 
sorption  of  blue  and  violet  light.  In  some 
cases,  the  two  methods  are  combined. 
There  are  many  different  methods  of  in 
tensification  involving  the  addition  of  sil 
ver  or  compounds  of  mercury,  chromium, 
copper,  uranium,  or  lead,  to  the  image. 
In  most  processes  the  image  is  first 
bleached  in  a  solution  which  produces  an 
insoluble  silver  compound  and  an  insoluble 
reduced  salt.  A  typical  example  is  mer 
curic  chloride  which  attacks  silver  forming 
silver  chloride  and  mercurious  chloride. 
Thus  each  grain  is  increased  by  the  addi 
tion  of  mereurious  chloride.  These  are 
then  darkened  by  a  developer,  sodium  sul- 
fite,  or  ammonia. 

The  probable  reaction  is: 


With  practically  all  methods  of  intensi 
fication,  the  negative  must  be  thoroughly 
washed  or  stains  will  result. 

Proportional  intensification  provides  a 
means  of  correcting  underdevelopment. 
Of  all  the  methods  available  silver  is  un 
doubtedly  the  best.  The  image  is  perma 
nent  and  there  is  little  or  no  change  in 
color.  The  solution  is  more  difficult  to 
prepare,  however,  and  if  not  carefully 
handled  silver  may  be  precipitated  gen 
erally  producing  fog.  The  best  formula 
for  modern  coarse-grain  materials  is  that 
by  Crabtree  and  Mueller.14 

Mercuric  iodide  forms  a  convenient, 
single-solution  intensifier,  but  the  amount 
of  intensification  is  difficult  to  determine, 
without  experience,  because  the  density 
of  the  yellow-black  image  is  much  greater 
than  it  appears  to  the  eye.  The  image 


2HgCl2  +  2Ag-»  Hg2Cl2  4-  2AgCl  may  be  blackened,  if  desired,  with  a  1 


With  sodium  sulfite: 


Hg2Cl2  +  Na2S03 


2Hg  +  Na2S04  +  2HC1 


There  are  also  single-solution  intensifies 
which  ordinarily  contain  mercuric  chloride 
as  the  oxidizing  agent  and  potassium 
iodide  with  sodium  sulfite  or  hypo,  or  mer 
curic  chloride  and  a  thiocyanate.  There 
are  also  single-solution  intensifies  employ 
ing  silver,  copper,  uranium,  and  lead. 
With  all  of  these,  the  increase  in  the 
density  and  contrast  of  the  image  can  be 
followed.  There  is  much  less  control  with 
processes  in  which  the  silver  image  is 
first  bleached  and  then  redeveloped. 

Types  of  Intensification.  Intensifica 
tion  is  termed  (1)  proportional,  if  the 
increase  in  density  is  proportional  to  the 
original  density,  (2)  superproportional,  if 
the  increase  is  greater  than  the  density, 
and  (3)  subproportional,  if  the  density  in 
crease  decreases  with  the  density. 


/o 

solution  of  sodium  sulfide.  It  is  then 
brownish  black.  Images  so  treated  are 
more  permanent,  but  will  change  with 
time. 

The  color  of  the  image  is  not  changed 
appreciably  with  the  chromium  intensifier 
and  the  results  are  quite  permanent. 
Greater  intensification  of  the  lower  densi 
ties,  useful  with  weak  shadow  detail,  can 
be  obtained  with  partial  bleaching,  but 
some  experience  is  necessary  to  predict  the 
final  result.  The  principal  objection  to 
the  chromium  process  is  that  it  is  a  two- 
solution  method  and  the  final  result  is  not 
obvious  until  the  negative  has  been  re 
developed.  It  is  possible,  however,  to  stop 
development  short  of  completion  and  fix 
out  the  silver  halide  remaining,  or  to  re 
peat  the  process  if  greater  intensification 
is  required. 

For  the  maximum  intensification  of  the 
lower  densities,  without  a  corresponding 
increase  in  the  higher  (subproportional 

14,7.  Soc.  Mot.  Pict.  Eng.  17,  1001  (1931). 
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intensification),  either  uranium  or  qui- 
none-thiosulf ate 15  should  be  used.  The 
latter  is  recommended  where  the  maximum 
increase  in  contrast  of  shadow  detail  is 
required  in  underexposed  negatives,  par 
ticularly  on  high-speed  emulsions  with 
which  other  methods  of  intensification  are 
less  effective. 

A  preliminary  alkaline-formaldehyde 
hardening  bath  must  be  used. 

Local  Intensification  and  Reduction.  If 
the  negative  is  dry,  it  should  first  be 
soaked  in  water  until  thoroughly  wet.  The 
surface  water  is  then  removed  with  cotton, 
chamois,  or  a  viscose  sponge  and  the  nega 
tive  hung  up  for  3  or  4  min.  This  tends 
to  avoid  the  danger  of  streaks  and  the 
spreading  of  the  reducing  or  intensifying 
solution  into  adjacent  areas  where  it  is  not 
wanted. 


is  Miller,    Henn,    and    Crabtree,   P.S.A.   Journal 
-12, -585   (1946). 


The  solutions  may  be  applied  to  small 
areas  with  a  brush ;  for  larger  areas,  a  tuft 
of  cotton  may  be  used.  The  action  should 
be  watched  carefully  and  the  negative 
rinsed  with  water  to  stop  the  action  of  the 
solution.  It  is  better  to  repeat  the  process 
than  to  run  the  risk  of  too  great  a  change 
in  density. 

Ferricyanide-hypo  is  a  convenient  re 
ducer  for  local  work.  The  solution  spreads 
more  uniformly  if  prepared  with  a  1% 
solution  of  a  wetting  agent.  The  addition 
of  ethyl  alcohol  (10%  of  the  solution  vol 
ume)  extends  the  life  of  the  solution  and 
tends  to  prevent  staining. 

Mercuric  iodide  is  one  of  the  best  in- 
tensifiers  for  local  use  because  the  growth 
of  density  can  be  watched  and  stopped 
when  it  has  reached  the  proper  point.  A 
blue  filter  may  be  found  helpful  in  judging 
the  density  of  the  intensified  portion. 


Chapter  20 

PHOTOGRAPHIC  SENSITOMETRY 


Sensitometry,  as  the  name  implies,  is 
concerned  with  the  measurement  of  sensi 
tivity;  it  may  be  more  broadly  defined, 
however,  as  the  measurement  and  evalua 
tion  of  the  response  of  photographic  mate 
rial  to  radiant  energy.  The  field  of  sensi- 
tometry  may  be  broadly  divide.d  into  X-ray 
sensitometry,  ultraviolet  sensitometry,  sen- 
sitometry  in  the  visual  region,  and  infra 
red  sensitometry.  Only  sensitometry  in 
the  visual  region  is  included  in  this  work. 
Sensitometry  in  the  visual  region  may  be 
further  divided  into  five  main  areas:  (1) 
black-and-white  negative  materials;  (2) 
black-and-white  positive  materials;  (3) 
color  sensitometry;  (4)  sensitometry  of 
color  materials;  and  (5)  sensitometry  of 
tone  reproduction. 

Sensitometry  involves:  (1)  the  exposure 
of  a  sensitive  material  to  illumination  of 
known  intensity  and  spectral  distribution 
for  a  known  time;  (2)  development  under 
suitable,  precisely  controlled,  and  repro 
ducible  conditions;  (3)  the  establishment 
of  standards  for  density;  (4)  the  accurate 
and  reproducible  measurement  of  density; 
and  (5)  the  interpretation  of  the  results. 
The  Exposure  of  the  Sensitive  Material. 
Exposure  is  defined  as  a -product  of  illumi 
nation  and  time,  or  E  =  I  X  T.  The  unit 
of  exposure  is  the  meter-eandle-second 
(MCS)  equivalent  to  the  exposure  pro 
duced  by  a  light  source  of  one  candle- 
power  in  one  second  at  a  distance  of  one 
meter. 

The  instrument  used  to  expose  the  sensi 
tive  material  is  termed  a  sensitometer. 
It  consists  of  (1)  a  light  source  and  (2) 
a  means  of  varying  the  exposure  from  that 


source,  either  by  differences  in  time  (time 
scale)  or  in  illumination  (illumination 
scale).  The  light  source  for  sensitometric 
exposures  must  be  suitable  for  the  sensi 
tive  material  both  in  intensity  and  spec 
tral  distribution.  It  must  be  a  source  that 
can  be  easily  maintained  constant  in  both 
respects  and  is  reproducible.  Since  the 
photographic  effect  of  an  exposure  is  de 
pendent  upon  the  actual  values  of  7  and  T, 
and  not  simply  their  product  (IT),  the 
intensity  of  the  source  should  duplicate 
practical  exposing  conditions.  In  other 
words,  the  light  source  should  be  capable 
of  producing  exposures  of  the  same  order 
as  in  a  camera  or,  with  positive  materials, 
in  the  printer.  The  spectral  energy  dis 
tribution  of  the  source  should  duplicate 
the  light  sources  with  which  the  sensitive 
material  is  intended  to  be  used.  For  sun 
light,  a  source  with  a  color  temperature  of 
5400°  has  been  accepted  as  an  interna 
tional  standard.  For  tungsten  lamps  a 
color  temperature  of  2750°  is  widely  used. 
This  is  for  positive  materials  exposed  with 
a  low  wattage  tungsten  lamp. 

Candles  and  lamps  burning  liquid  pen- 
tane,  amyl  acetate,  and  acetylene  have 
been  employed  as  standards,  but  standard 
ized  incandescent  electric  lamps  are  used 
exclusively  at  the  present  time.  It  is  nec 
essary  to  calibrate  such  lamps  accurately 
for  luminous  intensity  and  spectral  dis 
tribution  and  to  control  the  current  volt 
age  with  a  high  degree  of  precision,  since 
both  the  intensity  and  spectral  distribu 
tion  of  the  radiation  from  incandescent 
tungsten  lamps  depend  upon  the  voltage. 
The  Seventh  International  Congress  of 
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Photography  (London,  1928)  adopted  a 
tungsten  lamp  with  a  color  temperature 
of  2360°  and  a  liquid  filter  (Davis-Gib 
son)  as  an  international  standard  for  sun 
light  values. 


FIG.  20.1.     Sector  disk  to  produce  a  time  scale 
of   exposures. 

The  usual  method  of  producing  time 
scales  is  to  expose  the  material  behind  a 
rotating  opaque  disk  with  apertures  cor 
responding  to  the  desired  exposures,  as 
in  Fig.  20.1.  Many  different  instruments 
of  this  type  have  been  described  in  the 
literature.  In  recent  years,  however,  time- 
scale  instruments  have  been  almost  com 
pletely  replaced  with  those  in  which  the 
illumination  is  varied.  The  reason  is  that 
sensitive  materials  ordinarily  are  exposed 
to  differences  in  illumination  rather  than 
to  differences  in  time.  The  use  of  an 


illumination  scale  largely  eliminates  errors 
arising  from  the  failure  of  the  reciprocity 
law,  if  the  exposure  time  is  comparable  to 
general  usage.  Illumination  scales  may  be 
produced  by  (1)  varying  the  distance  be 
tween  the  light  source  and  the  sensitive 
material  for  each  exposure,  (2)  by  optical 
systems  with  cylindrical  lenses,  (3)  by 
illumination  modulation  sectors  rotating 
at  high  frequency  during  the  exposure, 
(4)  by  exposing  each  step  in  succession 
to  a  lighted  field,  the  intensity  of  which 
is  controlled  by  a  diaphragm,  and  (5)  by 
a  series  of  densities  in  front  of  the  sensi 
tive  material. 

Density  scales  (Fig.  20.2)  may  be  made 

(1)  by  casting  gelatin  containing  dyes  or 
collodial    carbon    in    accordance    with    a 
method  suggested  originally  by  Goldberg, 

(2)  by  the  evaporation  of  a  metal,  such 
as   Iconel   on   glass,   or    (3)    from   photo 
graphic  copies  of  master  gelatin  scales. 

Density  scales  of  gelatin  with  dyes  or 
carbon  are  not  usually  free  of  selective 
absorption  and  in  this  respect  are  gener 
ally  inferior  to  photographic  density 
scales. 

The  exposure  scale  is  usually  in  steps, 
but  for  some  purposes  may  be  continuous. 
For  negative  materials,  exposure  scales  in 
which  the  exposure  increases  as  the  power 


FIG.  20.2.    A  density  scale. 
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FIG.  20.3.     An  intensity  scale  sensitometer  (Herrenfield). 


of  2.0  (log-  0.3)  were  employed  for  many 
years  but  today  a  scale  of  log  0.15  is  pre 
ferred,  as  the  increased  number  of  steps 
enables  the  D  log  E  curve  to  be  plotted 
with  greater  accuracy.  With  materials 
having  a  short  exposure  range,  such  as  de 
veloping  papers,  positive  films  and  process 
type,  or  graphic  arts  negative  materials,  a 
smaller  difference  in  exposure  is  desirable 
and  scales  of  log  0.10,  and  even  log  0.05, 
have  been  used. 

Many  different  kinds  of  sensitometers 
have  been  described  in  the  literature. 
Most  of  these  were  designed  and  built  by 
manufacturers  of  photographic  materials 
for  their  own  use. 

A  typical  sensitometer  is  shown  in  Fig. 
20.3. 1  The  film  is  exposed  in  contact  with 
an  exposure  scale,  consisting  of  a  series  of 
known  densities,  through  an  aperture  that 
travels  along  the  film  strip  at  constant 


i  Manufactured  by  the  Frank  Herrnfeld  Engi 
neering  Corp.,  Culver  City,  Calif. 


speed.  The  optical  system  (Fig.  20.3)  con 
sists  of  a  spherical  mirror  behind  the  lamp, 
a  condenser,  an  objective  lens,  and  a  first- 
surface  mirror.  The  light  source  is  an  in 
candescent  tungsten  lamp  of  known  in 
tensity  and  color  temperature,  operated 
from  an  automatic  voltage  regulator.  The 
first-surface  mirror  is  mounted  on  a  syn 
chronous  motor  and  is  located  in  the  center 
of  the  optical  axis  between  the  objective 
lens  and  the  film  plane.  As  this  mirror 
revolves,  the  reflected  light  exposes  the 
film  in  its  semicircular  position  at  the  top 
of  the  instrument.  An  electrical  timing 
system  limits  the  exposure  to  one  sweep 
of  the  exposing  light.  The  time  of  ex 
posure  can  be  varied,  if  desired,  by  chang 
ing  the  width  of  the  exposing  aperture. 
This  enables  the  sensitometer  to  be  used 
in  exposing  slow  positive  films  as  well  as 
fast  negative  films.  Filters  may  be  placed 
in  the  light  beam  for  the  proper  color 
balance  in  exposing  color  films  or  for  mak 
ing  filter  tests. 
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Developers  and  Development.  For  pho 
tochemical  investigations,  the  developer 
used  should  be  one  that  can  be  readily  and 
accurately  standardized  and  highly  repro 
ducible;  have  a  reasonably  high  reducing 
energy  together  with  a  high  selectivity, 
i.e.,  low  fog;  and  produce  a  spectrally 
neutral  silver  image.  Hurter  and  Driffield 
adopted  a  ferrous  oxalate  developer  as 
most  nearly  meeting  these  requirements. 
Its  reducing  energy,  however,  is  much 
lower  than  the  organic  developing  agents 
in  general  use.  The  Seventh  International 
Congress  of  Photography  (1928)  recom 
mended  a  paraminophenol  developer  as  a 
standard  for  sensitometry.  The  American 
Standards  Association,  in  1946,  adopted 
two  metol  hydroquinone  formulas,  one  of 
medium  activity  for  general  purposes  and 
a  second  of  low  activity  with  a  high  sulfite 
content  for  the  development  of  35  mm. 
film.  The  general  practice,  however,  is  to 
employ  the  developer  recommended  by  the 
manufacturer  in  order  to  conform  to  prac 
tical  usage. 

Whatever  the  developer  chosen,  it  is  of 
the  highest  importance  that  development 
be  reproducible  and  that  it  be  uniform  on 
all  parts  of  the  test  strip.  These  require 
ments  involve  (1)  the  standardization  of 
(a)  temperature,  (b)  time,  (c)  degree  of 
agitation,  and  (2)  the  employment  of  a 
method  of  agitation  which  will  result  in 
uniform  development.  Temperature  is 
maintained  by  enclosing  the  developing 
tray,  or  tank,  in  a  water  bath  controlled 
by  a  thermostat,  and  the  use  of  a  stop 
bath  prevents  the  continuation  of  develop 
ment  beyond  the  desired  time. 

The  American  Standards  Association 
and  the  British  Standards  Institute  have 
adopted  a  method  of  development  in  which 
the  test  strips  are  attached  to  a  glass  strip 
which  is  a  part  of  the  stopper  of  a  vacuum 
flask,  or  Thermos  bottle,  about  §  full  of 
developer.  During  development,  the  flask 


is  tilted  back  and  forth  from  a  vertical  to 
a  horizontal  position  once  each  second  and, 
at  the  same  time,  revolved  on  its  axis  about 
once  every  5  see. 

In  tray  development,  a  relatively  large 
volume  of  solution  should  be  used  to  mini 
mize  the  effort  of  oxidation.  Irregular 
rocking  of  the  tray  by  hand  is  preferable 
to  mechanical  agitation.  Brushing  the  sur 
face  of  the  emulsion  with  a  soft  camel's- 
hair  brush  provides  excellent  agitation  and 
very  uniform  development,  but  it  is  diffi 
cult  to  obtain  consistent  results. 

Processing  machines  are,  of  course,  de 
sirable  if  large  numbers  of  strips  must  be 
processed,  not  only  for  convenience  but 
for  greater  uniformity.  Many  such  ma 
chines  have  been  described  in  the  litera 
ture.2  Some  of  these  have  employed  me 
chanical  devices  for  stirring  the  solution; 
others  have  used  plungers,  moving  up  and 
down  near  the  surface  of  the  film  strip  to 
cause  the  developing  solution  to  pass 
rapidly  back  and  forth  across  the  film. 
Several  have  employed  rotation  of  the 
strips  in  the  solution,  and  in  recent  years 
jets  of  air,  or  a  gas,  have  been  used  for  the 
agitation  of  the  developing  solution. 

Density.  Hurter  and  Driffield  in  their 
classical  work  on  photographic  sensitom 
etry  adopted  the  mass  of  silver  per  unit  of 
area  as  the  basic  measure  of  the  response 
of  a  light  sensitive  material  under  given 
conditions  of  exposure  and  development. 
They  termed  this  the  density  and  from 
their  investigations  they  concluded  that 
the  mass  of  silver  is  directly  proportional 
to  the  absorption  of  light ;  i.e.,  the  optical 


2Bloch  and  Horton,  Phot.  J.  68,  352  (1928). 
Clark,  Phot.  Tech.  2  (October  1940),  p.  54. 
Davies,  Phot.  J.  84,  185  (1944).  Harrison  and 
Dobson,  Phot.  J.  65,  89  (1925).  Sheppard  and 
Crouch,  Proc.  Seventh  Int.  Cong,  of  Phot.,  London 
(1928).  Sheppard,  Lambert,  and  Atkins,  Phot. 
Ind.  34,  988  (1936).  Crabtree,  J.  Soc.  Mot.  Pict. 
Eng.  25,  512  (1935).  Kussell,  Jones,  and  Beaeham, 
/.  Soc.  Mot.  Pict.  Eng.  28,  73  (1937). 
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density.  This  they  defined  as  the  loga 
rithm  of  the  opacity,  opacity  being  the 
reciprocal  of  the  transmission  or  the  —  log 
of  the  transmission.  For  example : 

Opacity 2          4          8          16 

Transmission 1/2       1/4       1/8       1/16 

Density 0.3       0.6       0.9        1.2 

The  direct  proportionality  between  the 
mass  of  silver  and  the  optical  density 
found  by  Hurter  and  Driffield  has  been 
shown  by  later  work  to  be  incorrect.3  The 


(0      LJ 


Cd) 


FIG.  20.4.     Types  of  optical  density. 


3  The  ratio  of  the  mass  of  silver  and  the  optical 
density  is  known  as  the  photographic  constant  or 
photographic  equivalent: 

100  cm.2 


optical  density 


relationship  varies  with  the  light  scatter 
ing  properties  of  the  silver  deposit  and  is 
often  complicated  by  fog. 

Since  the  optical  properties  of  the  de 
posit  are  far  more  useful  in  practice  than 
the  mass  of  silver  present,  all  densities  are 
measured  optically  and  the  term  density 
invariably  refers  to  the  optical  density. 

The  density  as  measured  optically  varies 
with  the  illumination  on  the  deposit  and 
the  angle  of  the  beam  of  scattered  light 
included  in  the  measurement.  Diffuse 
density  is  obtained  when  the  illumination 
is  direct  and  all  the  transmitted  radiation 
is  included  in  the  measurement,  as  in  Pig. 
20.4a  or  when  the  illumination  on  the  de 
posit  is  diffused  and  only  the  directly 
transmitted  radiation  is  included  in  the 
measurement,  as  in  Pig.  20.4b.  Specular 
density  is  obtained  when  the  illumination 
on  the  deposit  is  direct  and  only  the  di 
rectly  transmitted  radiation  is  included 
in  the  measurement,  as  in  Pig.  20.4c. 
Doubly  diffused  densities  are  obtained 
when  the  illumination  is  diffuse  and  all 
the  transmitted  radiation  is  included,  as 
in  Pig.  20.4d. 

The  ratio  of  the  specular  to  the  diffuse 
density  is  known  as  "Callier's  Q  Factor," 
after  A.  Callier,  the  Belgian  who  was  the 
first  to  investigate  thoroughly  the  scatter 
of  light  by  photographic  densities.  Q  is 
related  to  the  graininess  of  the  material, 
being  lower  with  coarse-grain  images,  and 
varies  with  density  and  with  gamma.  For 
a  given  density  it  may  vary  from  1.2  for 
fine-grain  images  to  1.9  for  coarse-grain 
images. 

Diffuse  densities  apply  to  most  condi 
tions  of  photographic  practice,  although  in 
some  contact  printing  the  illumination  is 
such  that  the  doubly  diffuse  density  ap 
plies.  In  projection  and  projection  print 
ing  the  actual  density  is  between  the  spec 
ular  and  diffuse  values.  In  a  few  cases,  as 
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sound  track  on  film,  the  specular  density 
applies  quite  closely. 

A  source  of  error  in  densitometers  em 
ploying  an  opal  glass  for  the  diffusion  of 
the  luminous  flux  incident  on  the  density 
to  be  measured  is  interreflection  between 
the  surface  of  the  emulsion  and  the  opal 
glass.  There  is  a  difference  in  diffuse 
density  measurements,  depending  upon 
whether  the  emulsion  or  the  support  is  in 
contact  with  the  opal  glass.  Since  the 
emulsion  side  normally  faces  the  positive 
material  in  printing,  it  is  customary  to 
place  the  emulsion  side  toward  the  opal 
glass. 

All  densities  include  some  silver  from 
the  development  of  unexposed  grains,  i.e., 
fog.  The  printing  characteristics  of  a 
negative  depend  on  the  total  density  and 
in  this  case  no  correction  need  be  made  for 
fog.  In  photochemical  investigations  a 
correction  may  be  applied  to  the  measured 
density.  Hurter  and  Driffield  suggested 
that  the  density  of  an  unexposed  portion 
of  the  test  strip  be  subtracted  from  the 
measured  density.  Fog,  however,  becomes 
less  as  density  increases  because  fewer  un 
exposed  grains  are  left  and  also  because 
the  by-products  of  the  developing  reaction 
lessen  the  development  of  the  unexposed 
grains. 

If  the  absorption  of  the  silver  deposit 
varies  with  the  wave  length,  then  the 
density  will  depend  upon  the  portion  of 
the  spectral  energy  transmitted  which  is 
included  in  the  measurement.  The  images 
produced  by  metol-hydroquinone  and 
paraminophenol  developers  are  substan 
tially  free  from  selective  absorption  (i.e., 
neutral)  ;  however,  some  fine-grain  mate 
rials  show  departures  from  neutrality  be 
cause  of  differential  scattering  of  light. 
Developers,  such  as  pyro  and  pyro-cate- 
chin,  produce  a  stain  image  which  varies 
in  color  from  a  warm  black  to  a  yellow- 
black. 


Since  silver  chloride  and  chlorobromide 
papers  are  sensitive  chiefly  to  the  short 
wave  region,  while  the  maximum  sensi 
tivity  of  the  eye  is  to  the  green-yellow,  it 
is  clear  that  the  visually  measured  density 
will  be  lower  than  the  density  for  photo 
graphic  papers.4  If  photoelectric  cells  are 
employed  to  measure  the  transmitted  radi 
ation,  density  will  depend  upon  the  spec 
tral  energy  response  of  the  cells.  In  either 
ease,  the  effective  spectral  response  may 
be  changed  by  filters.  Thus,  if  neces 
sary,  a  photoelectric  cell  can  be  filtered  to 
read  visual  densities  or  printing  densities, 
and  a  visual  densitometer  can  be  corrected 
to  read  printing  densities  also. 

Densitometers.  In  visual  densitometers 
two  beams  of  light  are  brought  together  in 
a  circular  field,  so  that  one  beam  is  con 
tained  within  the  other.  When  the  illu 
mination  from  both  beams  is  the  same, 
the  field  is  of  uniform  brightness.  In 
sertion  of  the  density  to  be  measured  in 
one  of  the  beams  darkens  that  portion  of 
the  field  and,  to  restore  the  equality  of  il 
lumination  to  both  parts  of  the  field,  it  is 
necessary  either  to:  (1)  increase  the 
amount  of  light  on  the  density,  or  (2) 
reduce  the  comparison  beam  by  an  amount 
that  can  be  accurately  measured.  Visual 
densitometers  include  the  (1)  well-known 
bench  type  in  which  the  comparison  beam 
is  controlled  by  moving  the  light  source, 
(2)  polarization  instruments  in  which  the 
intensity  of  the  comparison  beam  is  con 
trolled  by  polarization,  (3)  sector  instru 
ments  in  which  the  comparison  beam  is 
controlled  by  rotating  sectors,  and  (4) 
density  comparators  in  which  the  un- 


4  The  ratio  of  the  visual  gamma  to  the  printing 
gamma  was  termed  the  color  coefficient  by  Jones 
and  Wilsey,  <7.  Franklin  Inst.  185,  231  (1918).  It 
is  zero  for  a  nonselective  deposit  and  closely  ap 
proaches  2.0  when  a  pyro  developer  with  little 
sulfite  is  used  and  with  some  processes  of  intensi 
fication. 
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FIG.  20.5.     Visual    densitometer    (Eastman). 

known  density  is  balanced  against  a  known 
density. 

Most  visual  densitometers  in  use  today 
are  of  this  type.  The  instrument  shown 
in  Fig.  20.5  may  be  regarded  as  typical. 
Visual  densitometers  are  being  rapidly  re 
placed  by  photoelectric  instruments  which 
are  more  convenient,  more  rapid  and,  if 
properly  designed  and  used,  have  higher 
precision.  The  sensitivity  of  the  eye  limits 
the  precision  of  a  visual  instrument  to  a 
difference  of  0.008  in  density  at  best.  In 
practice  the  precision  is  much  lower  be 
cause  of  lower  discrimination  and  fatigue. 
Photoelectric  instruments  presently  avail 
able  have,  in  some  eases,  a  precision  as 
high  as  0.0004  and  will  make  as  many  as 
100  readings  a  minute  as  compared  with 
5  or  6  for  a  visual  instrument. 

The  first  physical  densitometers,  de 
signed  primarily  for  reading  speetroscopic 
plates,  employed  a  thermopile  and  a  gal 
vanometer,  the  transmission  being  com 
puted  from  the  difference  in  the  galvanom 
eter  readings  with  and  without  the  silver 
deposit  to  be  measured.  Instruments  of 
this  type  are  slow,  of  low  sensitivity,  and 
practically  useless  with  selectively  absorb 
ing  images  as  the  sensitivity  is  almost  ex 
clusively  in  the  long-wave  region. 

The    use    of    photoelectric    tubes    was 


handicapped  for  a  long  time  by  the  lack 
of  reliability  in  the  amplifying  equipment. 
This  difficulty  was  overcome  with  the  de 
velopment  of  the  multiplier  phototube  and 
by  improved  amplifiers.  As  a  result  there 
are  now  a  number  of  densitometers  using 
either  multiplier  phototubes  or  ordinary 
phototubes  with  improved  amplifying  cir 
cuits  which  possess  a  high  degree  of  pre 
cision  and  dependability. 

Selenium  cells  have  been  used  and  have 
the  advantage  of  greater  sensitivity,  but 
are  much  less  stable  in  operation  and 
slower  in  use. 

Self-generating  photoelectric  cells  of  the 
type  employed  in  exposure  meters  are  used 
in  a  number  of  densitometers. 

The  response  of  all  of  these  is  approxi 
mately  a  linear  function  of  the  illumi 
nance;  thus  the  precision  with  which  the 
density  is  measured  decreases  as  the  den 
sity  increases.  This  is  overcome  in  a  num 
ber  of  instruments  by  using  galvanometers 
with  an  expanded  scale  in  the  low-deflec 
tion  range  and  in  others  by  using  logarith 
mic  amplifiers.  In  this  way  it  has  been 
possible  to  design  densitometers  which  can 
be  reliably  employed  to  a  density  of  about 
3.0. 

Before  the  development  of  the  multi 
plier  phototube  and  stable  amplifiers,  a 
number  of  densitometers  were  built  using 
a  calibrated  optical  wedge  in  one  beam  to 
balance  the  galvanometer  reading  pro 
duced  by  the  beam  passing  through  the 
sample.  Density  comparators  of  this  type 
are  now  practically  obsolete. 

Reflection  Density.  In  the  sensitometry 
of  papers  it  is  necessary  to  measure  re 
flection  densities.  The  reflection  density  is 
defined  as  the  logarithm  of  the  reflectance, 
which  is  the  ratio  of  the  light  reflected  by 
the  image  to  that  reflected  by  the  base. 
Thus, 
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PIG.  20.6.     The  D  log  E  Curve. 


where  Dr  is  the  reflection  density  and  E 
is  the  reflectance. 

The  light  reflected  from  the  density  on 
a  paper  print  consists  of  diffuse  light 
which  has  passed  through  the  silver  de 
posit  and  is  reflected  from  the  base  of  the 
paper  and  the  specular  light  which  is  re 
flected  from  the  surface.  The  proportion 
of  the  diffuse  to  the  specular  light  depends 
upon  the  surface  and  the  conditions  of 
illumination.  The  specularly  reflected 
light,  for  example,  tends  to  be  greater 
with  gloss  papers  than  with  matt  surfaces. 
Specularly  reflected  light  results  in  glare 
which  tends  to  obscure  the  image,  so  that 
pictures  are  usually  viewed  by  diffuse 
light  or  at  least  light  which  is  more  diffuse 
than  direct.  Accordingly,  in  densitometers 
for  reading  the  reflection  density,  the  il 
lumination  is  normally  from  the  side  at 
an  angle  of  about  45°  and  the  light  re 
flected  normally  to  the  surface  is  included 
in  the  measurement  to  reduce  the  amount 
of  the  specularly  reflected  light. 


The  D  log  E  Curve.  The  relation  of 
density  to  exposure  is  usually  presented 
as  a  curve  in  which  the  optical  density  is 
plotted  against  the  logarithm  of  the  ex 
posure  (Fig.  20.6).  With  a  sufficiently 
extended  range  of  exposure,  this  curve 
consists  of  four  parts  in  which  the  slope, 
or  gradient,  first  increases,  then  becomes 
constant,  then  decreases  and,  finally,  re 
verses  and  heads  downward. 

The  exposure  range  from  the  beginning 
of  the  curve  to  the  maximum  density  rep 
resents  the  range  over  which  differences 
in  exposure  produce  increases  in  density. 
This  is  termed  the  total  scale  and  may  be 
expressed  in  either  log  E  or  exposure  units. 

The  lowest  part  of  the  curve  is  useless 
in  practical  photography  because  the  den 
sity  differences  are  too  small.  With  more 
exposure,  the  increase  in  the  density  dif 
ferences  become  sufficient  to  produce 
usable  images  and  many  photographs  by 
"existing  light"  utilize  the  lower  portion 
of  the  curve  exclusively. 
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In  the  straight-line  portion,  density  is 
proportional  to  log  E.  This  is  the  ex 
posure  range  for  proportional  representa 
tion.  Thus,  to  render  the  brightnesses  of 
the  subject  proportionally,  the  exposure  in 
the  camera  must  be  adjusted  so  that  the 
exposures  produced  by  the  light  reflected 
from  the  different  parts  of  the  subject  are 
within  this  range.5 

The  log  E  range  of  the  straight-line  por 
tion  of  the  curve  is  often  referred  to  as 
latitude ;  however,  a  more  descriptive  term 
linear  exposure  scale  is  preferable.  This, 
like  the  total  scale,  may  be  expressed  either 
in  log  E  or  exposure  units. 

Gamma.  The  relation  between  a  given 
log  E  difference  and  the  corresponding 
density  difference  is 

AD 


which  is  a  measure  of  the  slope,  or  gradi 
ent,  of  the  D  log  E  curve  for  the  log  E 
difference.  For  the  straight-line  portion 
the  gradient  can  be  expressed  as  the  tan 
gent  of  the  angle  formed  by  this  portion 
of  the  curve  and  the  log  E  axis. 

The   tangent    of   this    angle    is    termed 
gamma    (y).     Thus 


dD 


dlogE 


=  tan  aAD/A  log  E 


-  Dl 


log  E*  -  log  El 


where  D2  and  DI  are  densities  on  the 
straight-line  portion  of  the  curve,  and  log 
E2  and  log  EI  are  the  corresponding  log  E 
values. 

If  a  =  45°,  tan  «,  or  gamma,  becomes 
1.0  and  the  differences  in  density  are  equal 
to  the  difference  in  log  E.  The  opacities 
of  the  different  parts  of  the  image  then 
correspond  exactly  to  the  differences  in 


object  brightness.6  This  is  the  condition 
to  be  met  if  the  brightness  differences  of 
the  subject  are  to  be  reproduced  exactly 
in  the  negative.  If  it  is  less  than  1.0, 
proportional  representation  is  obtained, 
but  the  opacity  differences  are  less  than  the 
brightness  differences ;  if  y  is  greater  than 
1.0,  the  differences  are  greater. 

Since  the  effect  of  increasing  the  time 
of  development  is  to  increase  the  density 
differences,  gamma  affords  a  useful  means 
of  measuring  the  degree  of  development. 
Gamma  is  a  measure  of  negative  contrast, 
however,  only  if  the  exposures  represent 
ing  the  differences  in  brightness  are  within 
the  period  of  proportional  representation. 
This  is  seldom  the  case  in  pictorial  pho 
tography. 

Since  the  slope  and  position  of  the  D 
log  E  curve  are  affected  by  the  time  of 
development,  it  is  necessary  for  a  complete 
analysis  of  the  characteristics  of  a  photo 
graphic  material  to  have  curves  represent 
ing  different  times  of  development.  Such 
a  series  for  a  typical  negative  material  is 
shown  in  Fig.  20.7.  The  gammas  for  each 
curve  are  shown  and,  in  the  upper  left- 
hand  corner,  the  time-gamma  curve  repre 
senting  the  relationship  between  gamma 
and  the  time  of  development.  From  this 
curve  can  be  obtained  either  the  time  of 
development  (under  the  same  conditions) 
for  a  given  gamma,  or  the  gamma  pro 
duced  for  a  given  time  of  development 
and,  if  the  range  of  developing  times  is 
sufficient,  the  maximum  gamma. 

On  this  same  chart  may  be  plotted  the 
time-fog  curve  representing  the  relation 
ship  between  the  density  of  an  unexposed 
area  of  the  film  and  the  time  of  develop 
ment.  The  fog  density  may  also  be  plotted 


s  The  relation  of  this  to  tone  reproduction  will 
be  discussed  in  Chapter  22. 


s  Differences  in  the  object  and  the  optical  image 
due  to  the  scatter  of  light  in  the  optical  system 
are  ignored  at  this  point  and  will  be  considered 
in  Chapter  22  on  tone  reproduction. 
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PIG.  20.7.     D  log  E  curves  showing  effect  of  increasing  the  time  of  development. 


against  gamma  to  show  the  relationship  be 
tween  fog  and  the  degree  of  development. 

If  comparisons  of  the  characteristics  of 
a  photographic  material  are  to  be  made 
with  different  developers,  or  different  light 
sources,  a  set  of  D  log  E  curves,  the  time- 
gamma  curve  and  the  time-fog  curve,  is 
required  for  each  developer  or  light  source. 

The  Measurement  of  Sensitivity  of  a 
Negative  Emulsion.  The  simplest  and  old 
est  measure  of  sensitivity  is  the  exposure 
required  to  produce  a  visible  density.  As 
early  as  1841  Claudet  designed  a  photo- 
graphmeter  which,  although  designed  as 
an  aid  to  the  determination  of  the  exposure 
for  a  daguerreotype  plate,  was  actually  a 
crude  form  of  sensitometer  producing  a 
series  of  exposures  using  the  illumination 
prevailing  in  the  studio.  Other  methods 
of  producing  a  series  of  exposures  were 
developed  by  Warnerke,  Chapman  Jones, 
Bder-Hecht,  and  others,  but  by  far  the 
best  known  of  the  so-called  "threshold" 
methods  is  that  originated  by  Scheiner  in 
1894  and  known  as  the  Scheiner  system. 

The  Seheiner  speed  number  was  ob 
tained  originally  by  exposing  the  negative 
material  in  a  sensitometer  with  a  sector 
wheel  having  exposure  steps  numbered 
from  1  to  20,  with  a  log  exposure  differ 
ence  of  0.15.  After  development,  the 
image  was  placed  on  white  paper  and  the 


number  of  visible  steps  counted.  This 
number  was  then  taken  as  the  speed  of 
the  emulsion.  In  time,  however,  various 
manufacturers  modified  the  system  and 
the  published  Scheiner  speeds  became  com 
pletely  unreliable. 

Meanwhile,  in  1890,  Hurter  and  Driffield 
had  utilized  the  exposure  at  the  point  of 
intersection  of  the  straight-line  portion  of 
the  D  log  E  curve  when  extended  to  the 
log  E  axis  (Fig.  20.6).  This  exposure, 
termed  by  them  the  inertia,  did  not  vary 
with  the  time  of  development  in  the  case 
of  any  of  the  emulsions  they  had  used  and 
represented  an  exposure  close  to  the  be 
ginning  of  the  straight-line  portion  of  the 
curve.  However,  as  emulsions  changed, 
both  of  these  conclusions  were  found  to  be 
in  error.  These  differences,  and  those 
caused  by  variations  in  the  experimental 
conditions  employed  by  the  manufacturers 
of  photographic  materials,  soon  made  pub 
lished  H  and  D  numbers  unreliable,  al 
though  they  continued  in  general  use  in 
England  until  World  War  II. 

In  1931,  the  German  photographic  in 
dustry  replaced  the  then  meaningless 
Schemer  numbers  by  a  new  German  stand 
ard  (DIN)  speed.  This  is  based  on  the 
exposure  required  in  a  special  sensitometer 
to  produce  a  density  of  0.1  above  fog.  The 
DIN  numbers,  like  the  Scheiner  numbers 
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[G.  20.8.     American   Standard    (1947)    method   of  measuring  speed. 

which  they  superseded,  increase  as  log 
0.15,  thus,  DIN  19°  is  twice  as  fast  as 
DIN  17°.  Originally  there  was  no  fixed 
time  of  development,  the  DIN  number 
being-  based  on  the  time  of  development 
producing  the  maximum  speed,  but  this 
was  modified  in  1954  to  conform  with  the 
conditions  of  development  adopted  by  the 
American  Standards  Association  that  same 
year.  The  DIN  System  as  further  modi 
fied  in  1957  is  still  in  general  use  in 
Germany. 

To  the  photographer  concerned  with  the 
reproduction  of  tone,  the  speed  of  a  nega 
tive  emulsion  is  determined  by  the  ex 
posure  that  must  be  given  to  produce 
density  differences  in  the  negative  which 
will  result  in  a  satisfactory  reproduction 
of  the  tonal  differences  of  the  subject  in 
the  print.  In  1939,  Jones  and  his  asso 
ciates  in  the  laboratories  of  the  Eastman 
Kodak  Company  published  the  results  of 
an  extended  study  of  the  exposure  re 
quired  to  produce  negatives  from  which 
good  prints  can  be  made.  It  was  found 


that  this  exposure  can  be  expressed  in 
sensitometric  terms  as  being  the  exposure 
on  the  D  log  E  curve  at  which  the  gradient 
is  0.3  of  the  average  gradient  for  a  log  E 
range  of  1.5  (Fig.  20.8).  This  method  of 
determining  the  speeds  of  negative  mate 
rials  was  adopted  by  the  Eastman  Kodak 
Company  in  1939  and,  with  some  additions 
to  the  recommended  experimental  condi 
tions,  by  the  American  Standards  Asso 
ciation  in  1947. 

The  ASA  Standard  adopted  in  1947  and 
revised  in  1954  provided  for  a  standard 
developer  and  standard  times  of  develop 
ment  and  applied  to  roll  film,  sheet  film, 
and  35  mm.  film,  but  not  to  color  film 
nor  to  high-contrast  materials  of  the  type 
used  in  the  graphic  arts.  The  speed  values 
obtained  from  1/E  (E  being  determined 
from  the  minimum  gradient  as  in  the  pre 
ceding  paragraph)  are  expressed  arith 
metically  on  a  cube  root  of  2  scale  rounded 
off  to  the  nearest  -^2  number.  A  safety 
factor  of  4  is  applied  to  the  actual  speeds 
for  use  on  exposure  meters  to  allow  for 
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differences  in  exposure  meters,  in  their 
use,  the  efficiency  and  accuracy  of  shutters 
and  other  factors  affecting  exposure.  Thus 
the  published  exposure  index  values  are 
1/4JS  or  ASA  Speed/4.  If  log  terms  are 
preferred  the  exposure  index  is  5  —  10 

This  safety  factor  was  found  excessive 
by  many  photographers  and  the  practice 
of  doubling  the  published  speed  index 
values  became  quite  common.  The  method 
of  determining  speed  from  the  minimum 
gradient,  although  sound,  was  found  to 
be  somewhat  inconvenient  and  difficult  in 
use.  Investigation  also  revealed  that  there 
is  little  practical  difference  in  the  frae- 
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LOG  EXPOSURE 

FIG.  20.9.    American  Standard  (1960)  method 
of  measuring  speed  (black  and  white  film). 

tional  gradient  speed  and  speeds  based 
on  a  density  of  0.1  above  fog  if  develop 
ment  is  to  a  fixed  average  gradient.7 

In  1960,  the  American  Standards  Asso 
ciation  adopted  a  new  system  in  which 
the  speed  is  based  upon  a  density  of  0.1 
above  fog  when  development  is  such  as  to 
result  in  a  density  difference  of  0.80  for 
a  log  E  range  of  1.5,  as  shown  in  Fig. 
20.9.  The  new  (1960)  ASA  speed  is 
0.8/2?,  where  E  is  the  exposure  in  meter- 
eandle-seconds  for  the  point,  P.  The  speed 


7  Nelson  and  Simonds,  /.  Opt.  Soc.  Amer.  46, 
324  (1956).  Simons,  Phot.  Sci.  and  Eng.  2;  210 
(1958). 


FIG.  20.10.    American  Standard  (1961)  method 
of  measuring  the  speed  of  color  films. 

value  obtained  in  this  way  replaces  the 
older  (1954)  ASA  Speed.  The  Speed  In 
dex  is  no  longer  used.  As  before,  pub 
lished  speeds  are  on  a  cube-root  of  2  scale 
in  an  arithmetic  series  or  on  a  log-to-the- 
base  2  scale. 

The  ASA  method  of  expressing  the 
speed  of  reversible  color  materials  is  cov 
ered  by  specification  pH  2.21-1961.  Using 
the  D  log  E  curve  plotted  from  a  neutral 
balanced  film,  the  point  is  located  on  the 
toe  of  the  curve  having  a  density  of  0.2 


FIG.  20.11.    Variation  in  the  D  log  E  curves 
of  a   slow  silver  chloride   emulsion   with   de 
velopment. 
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FIG.  20.12.     Variation  in  the  D   log  E  curve 

with  development  of  a  bromide  emulsion  for 

projection  printing. 

above  the  minimum  density  (H  in  Fig. 
20.10).  Prom  this  point  a  straight  line  is 
drawn  tangent  to  the  curve,  as  shown.  If 
point  8  occurs  at  a  density  greater  than 
2.0  above  the  minimum  density,  then  the 
tangent  is  constructed  from  the  point  E 
to  the  density  which  is  2.0  above  the  mini 
mum  density.  On  this  tangent  the  density 
Dm  is  located: 


7 


FIG.  20.13.    D  log  J£  curves  of  a  chlorobroniide 
paper  showing  effect  of  the  time  of  develop 
ment. 


The  values  DI  and  Ds  correspond  to  the 
densities  at  H  and  S,  respectively. 

The  exposure  Em  in  MCS  corresponding 
to  point  M  represents  the  exposure  cri 
terion  from  which  the  Exposure  Indes  is 
calculated  by  the  formula 

E.  I.  =  8/Em 

Sensitometry  of  Photographic  Papers, 
The  D  log  E  Curve  of  Developing  Papers. 

The  D  log  E  curve  of  the  typical  silver 
chloride  developing  paper  has  only  a  short 
straight  line;  the  toe  portion  is  long  and 
the  shoulder  abrupt,  i.e.,  flattens  out  more 
quickly  than  with  negative  materials.  The 
curves  of  bromide  papers  ordinarily  have 
more  clearly  defined  straight-line  portions 
than  chloride  papers.  In  development 
(Fig.  20.11)  the  shape  of  the  curve  of  a 
typical  silver  chloride  paper  changes 
rapidly  at  first  but  soon  reaches  a  stable 
shape  and,  upon  continued  development, 
shifts  to  the  left  without  any  appreciable 
change  in  shape.  With  bromide  (Fig. 

20.12)  and    chlorobromide    papers    (Fig. 

20.13)  the  changes  occurring  in  the  early 
stages  of  development  are  less  pronounced, 
but  these  too   reach,  in  a  comparatively 
short  time,  a  stable  curve  which  is  charac 
teristic    of    the    emulsion    and    does    not 
change  importantly  with  further  develop 
ment. 

In  accordance  with  the  specifications  of 
the  American  Standards  Association8  the 
sensitometric  characteristics  of  a  develop 
ing  paper  are  derived  from  the  coordinates 
of  two  points  a  and  d  on  the  D  log  E 
curve,  as  shown  in  Fig.  20.14.  These  points 
separate  the  portion  of  the  curve  normally 
used  where  the  reproduction  of  tone  is 
the  dominant  factor.  Point  a  represents 
a  density  of  0.02  above  the  base  and  fog 
density ;  point  d  is  located  on  the  shoulder 
of  the  curve  at  the  intersection  of  the  curve 


SASA   Standard  PH   2.2-1953. 
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PIG.  20.14.     American  Standard  method  of  deriving  the  sensitometric  charac 
teristics  of  a  developing  paper. 


and  the  right-hand  line  of  three  parallel 
lines  spaces  0.05  scale  units  of  the  coor 
dinate  modulus  employed.  The  left-hand 
parallel  line  is  tangent  to  the  upper  por 
tion  of  the  curve,  while  the  right-hand 
portion  is  tangent  to  the  low  density  por 
tion  of  the  curve.  In  practice  a  trans 
parent  template  ruled  in  the  three  parallel 
lines  0.05  scale  units  apart  is  used  to  locate 
points  by  c,  and  d. 

Density  Scale.  The  total  density  scale 
of  a  paper  is  the  range  from  zero  density ; 
i.e.,  the  light  reflected  from  an  unexposed 
but  developed  portion  and  the  maximum 
density.  The  maximum  density  depends 
on  the  emulsion  and  the  surface  of  the 
paper  on  which  the  emulsion  is  coated. 
The  density  range  for  glossy  papers  is 
about  1.7 ;  for  semi-matt  papers  about  1.5 ; 
and  for  matt  papers  about  1.5.  This  cor 
responds  to  differences  in  reflection  of 
1 :  50 ;  1 :  30,  and  1 : 16,  respectively. 


The  useful  density  range  is  less.  The 
maximum  useful  density  is  usually  nearer 
the  upper  end  of  the  straight-line  portion 
of  the  curve  than  it  is  to  the  maximum 
density,  as  use  of  the  shoulder  portion 
of  the  curve  leads  to  degradation  of  the 
deepest  shadows  of  the  image.  At  the 
other  end  of  the  scale  the  highlights  of  the 
subject  are  usually  represented  in  the 
print  by  a  density  very  near  the  end  of 
the  curve  and  occasionally  by  zero  density. 

The  ASA  Standard  defines  the  density 
scale  (DS)  as  the  difference  in  points  d 
and  a  or 

DS  =  Dd  -  Da 

The  log  exposure  scale  is  defined  in  the 
same  standard  as  the  difference  in  the  ab 
scissa  values  of  d  and  a,  or 

Log  ES  =  log  Ed  —  log  Ea 

The  speed  of  a  paper  may  be  defined 
as  the  exposure  required  for  (1)  the 
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FIG.  20.15.     Optical  system  of  the  monochromatic  sensitorneter  of  Jones  and 

Sandvick. 


threshold  density;  (2)  the  maximum  den 
sity,  or  (3)  an  intermediate  density.  The 
shadow  exposure  index  of  the  ASA  Stand 
ard  on  paper  sensitometry  is  the  log  E 
value  corresponding  to  point  d  on  the  D 
log  E  curve.  Speeds  determined  on  this 
basis  Indicate  quite  well  the  exposures  re 
quired  in  printing  from  different  nega 
tives  on  the  same  paper  provided  all  the 
negatives  have  a  density  range  suitable 
for  the  paper.  The  difference  in  exposure 
required  by  different  contrast  grades  of 
the  same  paper  is  represented  more  ac 
curately  when  an  intermediate  density  is 
chosen  as  a  basis  of  comparison.  The 
Eastman  Kodak  Company  has  chosen  a 
density  of  0.6  for  its  own  papers. 

Gamma  is  not  a  significant  character 
istic  of  paper  curves  because  the  straight 
line  includes  only  a  part  of  the  useful 
density  scale.  An  average  gamma  desig 
nated  In  the  ASA  Standard  as  y  is  defined 
as  the  slope  of  the  median  line  of  the 


transparent  reader,  shown  in  Fig.  20.14. 
Thus  j  =  tan  a. 

The  Measurement  of  Spectral  Sensitiv 
ity.  The  variation  in  sensitivity  with  wave 
length  is  termed  spectral  sensitivity,  or 
simply  color  sensitivity,  and  is  a  very  im 
portant  characteristic  of  a  photographic 
material.  Precise  measurements  of  spec 
tral  sensitivity  require  a  monochromatic 
sensitometer  and  sensitometric  methods ; 
qualitative  methods  useful  for  comparisons 
of  different  materials  include  wedge  spec 
trograms  and  various  methods  involving 
filters.  Color  charts  are  useful  in  deter 
mining  how  different  colors  are  reproduced 
but  are  not  suitable  for  the  determination 
of  spectral  sensitivity.9 

The  Monochromatic  Sensitometer.  The 
determination  of  spectral  sensitivity  In 
volves  the  isolation  of  comparatively  nar 
row  bands  of  the  spectrum  and  determin- 


sSelwyn  and  Davies,  Phot.  J.  78,  122   (1938). 
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ing,  by  one  of  several  methods,  the  re 
sponse  of  the  photographic  material  to  the 
radiation  of  each  of  these  spectral  regions. 
The  optical  system  of  a  monochromatic 
sensitometer  described  by  Jones  and  Sand- 
vick  10  is  shown  in  Fig.  20.15.  It  consists 
essentially  of  two  quartz  monochromatic 
illuminators,  A  and  B.  The  radiation 
emerging  from  A  passes  into  the  second 
illuminator,  B,  where  stray  radiation  is 
eliminated  so  that  the  radiation  emerging 
from  the  exit  slit  of  B  is  confined  to  an 
extremely  narrow  spectral  range.  This 
radiation  then  falls  on  the  photographic 
material.  As  the  illuminated  area  is  smal!7 
the  exposure  for  the  different  steps  of  a 
sensitometric  strip  cannot  be  made  at  the 
same  time  but  are  made  in  succession,  the 
time  being  varied  to  produce  the  range  of 
exposures  required.  The  exposure  values, 
however,  cannot  be  expressed  in  meter- 
candle-seconds  as  this  is  a  unit  of  illumi 
nation  and  is  measured  visually.  When 
using  monochromatic  radiation,  exposure 
must  be  expressed  in  energy  units,  i.e., 
in  ergs. 

To  compute  the  spectral  sensitivity  of  a 
photographic  material  it  is  necessary  first 
to  determine  the  energy  present  in  each  of 
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FIG.  20.16.     Spectral    sensitivity    curve    of    a 
panchromatic    emulsion    obtained    from    expo 
sures  made  with  the  monochromatic  sensitom 
eter  of  Jones  and  Sandvick. 


the  wave-length  regions  at  which  exposure 
is  to  be  made.  These  measurements  ordi 
narily  are  made  with  a  thermopile — galva 
nometer — and  are  both  difficult  and  exact 
ing.  Several  sensitometric  strips  are  then, 
made  for  each  wave-length  region,  devel 
oped  for  different  times  and  the  curves 
plotted. 


>  J.  Opt.  Soc.  Amer.  12,  401  (1926) . 


FIG.  20.17.     Wedge    spectrogram    of    a    pan 
chromatic  emulsion. 

These  curves  are  similar  to  the  conven 
tional  D  log  E  curve  but  the  abseissal 
values  are  the  logarithms  of  exposure  as 
expressed  in  ergs  per  square  centimeter 
rather  than  in  meter-eandle-seconds.  The 
response  of  the  emulsion  at  a  given  gamma 
may  be  determined  from  the  curves  for  the 
different  wave-length  regions  from  (1)  the 
inertias,  (2)  the  threshold  exposures,  or 
(3)  the  exposures  for  a  given  density. 
The  last  of  these  is  the  preferable  index, 
and  a  density  of  1.0  is  commonly  em 
ployed.  The  sensitivities  as  determined 
for  each  wave-length  range  are  then, 
plotted  against  the  wave  length  as  in  Fig. 
20.16  to  obtain  the  spectral  energy  curve. 
The  Wedge  Spectrograph.  One  of  the 
most  widely  used  methods  of  comparing 
the  spectral-sensitivity  characteristics  of 
different  photographic  materials  is  by 
means  of  wedge  spectrograms  (Fig.  20.17). 
These  are  made  on  a  special  type  of  spec- 
trograph  whose  essential  features  are 
shown  in  Fig.  20.18.  A  spectrum  of  the 

In  1946  an  American  Standard  spectral  sensi 
tivity  index  (ASA  Z3S.2.4-1946),  based  on 
measurements  using  sharp  cutting  yellow 
and  red  filters,  was  adopted  by  the  Amer 
ican  Standards  Association. 
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Ne«J+«"*1         Condenser 


FIG.  20.18.     Optical  system  of  the  wedge  speetrograph. 


light  source  at  the  extreme  right  is  formed 
on  the  sensitive  material,  placed  at  the 
back  of  the  camera  by  means  of  a  diffrac 
tion  grating  and  the  optical  system  shown. 
A  blackglass  wedge  placed  directly  in  front 
of  the  slit  varies  the  illumination  across 
the  spectrum  logarithmically,  so  that  the 
height  of  the  exposed  portion  of  the  mate 
rial  at  any  point  indicates  the  logarithm 
of  the  sensitivity  at  that  particular  wave 
length.11 

Two  facts  must  be  kept  in  mind  when 
using  wedge  spectrograms:  (1)  the  curve 
represents  the  relation  between  sensitivity 
and  wave  length  only  in  terms  of  the  light 
source  used  for  the  exposure;  (2)  the  ab 
sorption  of  the  glass  wedge  increases  in 
the  short-wave  region  so  that  the  sensitiv 
ity  of  the  film  in  the  blue  and  violet  is 
greater  relatively  than  wedge  spectrograms 
indicate.  This  is  not  particularly  serious 
because  there  is  little  difference  in  the 
sensitivity  distribution  of  different  mate- 


11  Instruments  with  spectrum  of  uniform  energy 
distribution  have  been  described  by  Bertling, 
Phot.  Ind.  29,  1090  (1931);  and  Fricke,  2.  wiss. 
Phot.  35,  70  (1936). 

Instruments  with  nonspherical  optical  condens 
ing  systems  and  rotating  sector  wheels  to  avoid 
the  errors  arising  from  spectral  absorption  in  the 
blaekglass  wedge  have  been  described  by:  Miller, 
Eev.  Sci.  Inst.  3,  30  (1932) ;  and  Morrison  and 
Hoadley,  P.S.A.  Journal  16B,  64  (1950). 


rials  in  this  region  and  when  wedge  spec 
trograms  are  used  simply  for  comparing 
different  materials. 

Filter  Methods.  Qualitative  measure 
ments  of  spectral  sensitivity,  useful  for 
comparative  purposes,  may  be  made  by 
making  sensitometric  exposures  through 
filters  and  determining  the  relative  sensi 
tivity,  (1)  by  the  exposure  difference  for 
visually  matched  densities,  or  (2)  from 
plotted  D  log  E  curves  using  the  exposure 
for  a  given  density  (Fig.  20.19).  For 
many  purposes  the  three  Wratten  tricolor 
filters  (No.  25,  58,  49)  will  suffice.  The 
results  will  apply  only  to  the  light  source 
used  for  the  exposures  and  the  gammas  to 
which  the  samples  were  developed. 
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FIG.  20.19.  D  log  E  curves  showing  the  effect 
of  exposures  through  a  set  of  three-color  filters. 
(Wratten  A  (red);  B  (green)  and  C4  (blue). 
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Variation  of  Gamma  with  Wave  Length. 

Although  the  three  sensitometric  strips 
shown  in  Fig.  20.19  were  developed  to 
gether  for  the  same  time,  the  gammas  are 
not  the  same.  Gamma  depends  upon  the 
spectral  characteristics  of  the  radiation  to 
which  the  material  is  exposed  as  well  as 
on  the  emulsion  and  conditions  of  develop 
ment.  Thus,  with  uniform  development, 
the  values  for  spectral  sensitivity  and  the 
niter  factor  depend  on  the  density  chosen 
as  a  basis  of  comparison;  if,  however,  the 
three  strips  are  developed  separately  to 
the  same  gamma,  the  values  are  inde 
pendent  of  the  density. 

Throughout  the  range  of  sensitivity  of 
silver  bromide  in  gelatin,  the  variation  in 
gamma  with  wave  length  is  very  nearly 
inversely  proportional  to  the  absorption 
of  silver  bromide.12  At  wave  lengths  be 
low  250  m//,,  gamma  is  low  because  of  the 
strong  absorption  of  gelatin.  From  250  to 
about  310  m/A,  it  is  fairly  constant.  Be 
yond  this  point  it  rises  as  the  absorption  of 


i2Davey,  Phot.  J.  85B,  127   (1945). 


silver  bromide  decreases  to  a  maximum 
between  400  and  450  m/x.  High  absorp 
tion  by  the  silver  halide  tends  to  restrict 
the  image  to  the  surface  of  the  emulsion 
layer  with  a  reduction  in  the  value  of 
gamma.  Beyond  the  sensitivity  of  silver 
halide  (approximately  550  m/x)  the  rela 
tionship  between  gamma  and  wave  length 
depends  upon  the  sensitizing  dye  used  and 
its  concentration. 
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Chapter  21 

THE  SENSITOMETRY  OF  COLOR  MATERIALS 


Sensitometric  methods  of  exposing,  proc 
essing,  measuring,  and  evaluating  color 
photographic  materials  are  in  principle 
the  same  as  those  for  black-and-white  emul 
sions.  The  differences  implied  in  the  fol 
lowing  discussion  arise  from:  (1)  the 
use  of  three  differently  sensitized,  super 
imposed  emulsion  layers,  and  (2)  the  com 
plex  nature  of  the  dye  images  formed  in 
processing.  The  first  of  these  necessitates 
very  precise  methods  of  exposure  and  proc 
essing;  the  second  leads  to  a  variety  of 
techniques  for  density  measurement  and 
image  evaluation. 

In  Fig.  21.1  are  shown  the  sensitivity 
curves  for  the  three  emulsion  layers  of  a 
color  reversal  material.  (Although  all 
three  layers  are  sensitive  to  short  wave 
length  radiations,  the  use  of  a  yellow  filter 
below  the  uppermost  layer  effectively  con 
fines  the  blue-light  response  to  that  layer.) 
The  implications  of  these  curves  are  (1) 
the  pronounced  change  in  sensitivity  with 
wave  length,  and  (2)  the  partial  overlap 
ping  of  the  responses  of  the  three  layers. 
These  lead  to  the  inference  that  satisfac 
tory  exposure  of  color  emulsions  requires 
careful  control  of  the  spectral  energy  dis 
tribution  of  the  exposing  source. 

Sensitometric  Exposure.  Sensitometers 
that  are  adequate  for  exposing  black-and- 
white  emulsions  may  need  modification  if 
they  are  to  be  used  with  color  materials. 
The  primary  requirement  is  that  sensito- 
metric  exposures  should  correspond  with 
those  to  be  used  in  practice.  In  the  cam 
era,  however,  the  film  receives  a  large  num 
ber  of  quite  different  spectral  energy 
distributions :  light  from  the  source  is  pro 


foundly  modified  by  the  spectral  absorp 
tions  of  the  objects  which  reflect  light  to 
the  camera.  It  would  therefore  be  desir 
able  to  test  the  response  of  the  film  to 
many  different  spectral  energy  distribu 
tions.  Because  the  performance  of  such 
a  complex  set  of  exposure  tests  is  difficult, 
in  practice  only  a  few  are  used.  One  of 
these  is  almost  invariably  the  light  source 
itself,  i.e.,  standard  daylight,  or  tungsten 
light  from  a  source  at  an  appropriate  color 
temperature.  Frequently  a  typical  scene, 
including  natural  objects  such  as  grass, 
sky,  flesh,  etc.,  will  be  included  as  part 
of  the  test  exposures ;  the  difficulty  of  eval 
uating  the  results  of  such  a  test,  however, 
has  led  to  the  use  of  a  gray-scale  exposure 
as  the  major  one  to  be  used.  The  limited 
nature  of  such  a  simple  test  must  be  ap 
preciated. 

The  source-filter  combination  commonly 
used  for  the  approximation  of  daylight  ex 
posures  is  a  2850°  tungsten  lamp  and  a 
Wratten  78A  filter.  Although  this  pro 
duces  a  reasonably  good  visual  approxima 
tion  to  daylight,  it  does  not  yield  a  suf 
ficiently  good  match  of  spectral  energy  dis 
tribution.  More  appropriate  filters  to  be 
used  with  tungsten  lamps  are  (1)  Corning 
glass  #5900,  or  (preferably)  (2)  the 
Davis-Gibson  liquid  filter.1  These  are  more 
stable  with  time  than  are  gelatin  filters; 
they  may,  however,  change  in  absorption 
characteristics  with  temperature. 

Practical  tests  are  required  for  color 
films  to  be  used  with  sources  such  as 
fluorescent  lamps  and  speedflash,  since  the 


lASA  Standard  PH  2.11-1958. 
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FIG.  21.1.     Sensitivity  curves  for  the  three  emulsion  layers  of  a  color  reversal 

material. 


spectral  energy  distribution  of  these 
sources  can  hardly  be  matched  by  any 
filter-tungsten-lamp  combination. 

If  it  is  desired  to  expose  only  a  single 
layer  of  the  color  emulsion,  very  sharp- 
cutting  filters  are  required,  such  as  inter 
ference  filters.  Such  exposures  require 
long  exposure  times,  since  the  filters  trans 
mit  little  energy. 

Reciprocity  law  failure  is  a  serious  prob 
lem  with  color  emulsions  because  the  three 
layers  vary  in  their  relative  responses  to 
changes  in  exposure  time.  For  this  reason, 
the  time  of  exposure  given  in  the  sensi- 
tometer  should  correspond  closely  to  that 
used  in  practice.  For  color  materials 
which  are  relatively  slow,  the  illuminance 
at  the  exposure  plane  must  be  rather  high. 
This  may  be  accomplished  by  (1)  increase 
of  lamp  wattage  (which  also  increases  the 


problem  of  heat  dissipation) ;  (2)  elevation 
of  the  operating  temperature  of  the  lamp 
(which  produces  more  heat  and  causes 
more  rapid  lamp  deterioration  with  use)  ; 
and  (3)  reduction  of  the  distance  between 
the  source  and  the  film  (which  causes  non- 
uniform  illuminance  at  the  exposure 
plane).  The  last  difficulty  may  be  reme 
died  by  exposing  the  sample  in  portions, 
by  curving  the  exposing  plane  appropri 
ately,  or  by  measurement  of  the  illumi 
nance  variation  and  suitable  calibration. 

The  exposure  modulator  is  normally  a 
step  wedge.  Any  significant  departure 
of  the  wedge  from  neutrality  is  intoler 
able.  Cast  carbon  wedges,  or  photographic 
wedges,  may  be  used.  The  range  of  log 
exposures  on  the  sample  should  be  at  least 
3.0  if  the  full  response  range  of  the  mate 
rial  is  to  be  explored;  a  smaller  range  is 
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sufficient  for  processing1  control.  The 
physical  size  of  the  exposed  steps  should 
be  rather  large  (at  least  £  cm.  in  the 
smallest  dimension)  to  reduce  difficulties 
with  adjacency  effects  arising  during  proc 
essing;  if  the  sample  is  then  to  be  of  rea 
sonable  size,  the  log  E  increments  must  be 
greater  than  would  be  otherwise  desirable. 
An  increment  of  0.3  is  often  used,  espe 
cially  for  processing  control;  smaller  in 
crements  (0.15  or  0.10)  are  used  when 
additional  information  is  required. 

Control  procedures  should  be  instituted 
to  detect  changes  in  sensitometer  perform 
ance.  These  should  include  records  of  the 
time  during  which  the  instrument  is  oper 
ated,  and  periodic  physical  measurements 
of  the  illuminance  level.  Readings  made 
with  a  photoelectric  photometer  through 
red,  green,  and  blue  filters  may  be  used  to 
discover  major  changes  in  the  spectral  en 
ergy  distribution  of  the  source. 

Manufacturers  of  color  film  supply  ex 
posed  sensitometric  strips  to  processors. 
Significant  changes  in  the  latent  image 
take  place  if  the  strips  are  improperly 
stored.  Close  adherence  to  the  manufac 
turer's  recommendations  for  storage  and 
use  ensures  a  minimum  of  change. 

Sensitometric  Processing.  Problems  in 
sensitometric  color  processing  arise  from 
the  much  greater  need  for  precision  and 
repeatability,  as  compared  with  black-and- 
white  processing.  Development  by-prod 
ucts  diffuse  not  only  laterally,  but  from 
one  emulsion  layer  to  another,  giving  rise 
to  vertical  adjacency  effects  which  affect 
the  density  and  physical  quality  of  the 
image. 

All  processing  solutions  should  be  mixed 
with  great  care.  Even  the  rate  at  which 
dry  powders  are  added  to  water  may  cause 
changes  in  the  composition  of  the  solution ; 
this  is  caused  by  local  changes  in  solute 
concentration  and  pH,  with  consequent 
differences  in  the  chemical  reactions  of 


the  constituents  during  the  dissolving 
process.  Air  should  be  excluded  from  the 
solution  during  mixing,  to  avoid  rapid  de 
terioration  of  solutions.  Most  color  proc 
essing  baths  change  during  storage;  they 
should  not  be  retained  beyond  the  manu 
facturer's  recommended  shelf  life.  Solu 
tions  are  best  stored  away  from  light,  in 
full  containers,  and  at  low  temperature. 
Care  must  be  taken,  however,  that  the  tem 
perature  is  not  so  low  as  to  cause  irre 
versible  precipitation  of  some  of  the  com 
ponents. 

To  check  the  quality  of  processing  solu 
tions,  chemical  analysis  may  be  used ;  such 
methods  are,  however,  time-consuming  and 
expensive,  and  they  are  not  usually  suf 
ficiently  accurate.  Careful  processing  of 
standard  sensitometric  strips  is  more  sen 
sitive  to  solution  changes,  but  the  results 
merely  indicate  that  an  error  has  occurred, 
without  generally  indicating  the  source  of 
the  error. 

Agitation  during  processing  presents 
particularly  difficult  problems.  Even 
minor  changes  in  the  rate  or  efficiency  of 
agitation  may  produce  significant  differ 
ences  in  the  photographic  image.  It  is 
essential  that  sensitometric  processing 
methods  conform  to  practice  at  each  stage 
of  the  process,  not  merely  in  the  overall 
result. 

In  evaluating  a  color  processing  estab 
lishment,  it  is  usually  necessary  to  accumu 
late  a  large  amount  of  data  in  order  to 
determine  the  inherent  variability  of  the 
process,  or  the  " process  capability.7'  Sen 
sitometric  strips  should  be  processed  (1) 
at  different  positions  within  the  tanks;  (2) 
at  different  times  of  the  processing  day; 
and  (3)  over  an  extended  period  of  time. 
Standard  statistical  techniques  should  be 
employed  to  determine  the  control  limits 
within  which  the  process  performs;  these 
limits  must  fall  within  the  specification 
limits  required  for  the  quality  of  product 
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FIG.  21.2.     Spectral  absorption  curves  for  the  three  dyes  of  a  typical  reversal 
color  film  and  the  visually  gray  image  resulting  from  the  superimposition  of 

these  dyes. 


desired — otherwise,  the  process  must  be 
improved. 

During  normal  operation  of  a  color 
processing  establishment,  sensitometric 
strips  should  be  processed  periodically,  and 
evaluated  for  quality  both  visually  and  by 
measurement.  Regular  chemical  analyses 
of  solutions  should  be  made.  Records  of 
temperature,  rate  of  replenishment,  and 
other  physical  factors  should  be  kept.  Al 
though  these  methods  add  to  the  cost  of 
operation,  they  are  essential  if  processing 
control  is  to  be  attained. 

If  examination  of  a  processed  sensito 
metric  strip  indicates  that  an  error  has 


occurred,  the  "bypass"  method  may  be 
used  to  find  the  source  of  the  error.  A 
sensitometrie  strip  is  carried  through  the 
normal  process,  with  the  exception  of  the 
suspected  solution.  The  strip  is  processed 
in  a  similar  bath  of  composition  known  to 
be  correct;  it  is  then  returned  to  the  nor 
mal  process  for  completion.  A  comparison 
of  this  strip  with  one  carried  through  the 
complete  normal  process  enables  the  ana 
lyst  to  know  whether  or  not  the  suspected 
solution  was  really  at  fault. 

Color  Densities.  The  measurement  of 
the  photographic  effect  for  color  photo 
graphic  materials  is  complicated  by  the 
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nature  of  the  dye  images  formed.  In  Fig. 
21.2  are  shown  the  spectral  absorption 
curves  for  the  three  dyes  of  a  typical  re 
versal  color  process,  together  with  the 
curve  representing  the  visually  gray  image 
formed  when  these  three  dyes  are  super 
imposed. 

Each  dye  has  significant  absorption 
throughout  the  entire  visible  spectrum; 
therefore,  every  direct  measurement  of  the 
density  of  a  color  image  is  simultaneously 
affected  by  all  three  dyes  (as  well  as  by 
any  other  absorber?  such  as  fog  or  stain). 
The  uppermost  curve  representing  the 
total  absorption  of  the  superimposed  dyes 
shows  that  this  neutral  differs  from  an 
^ ideal77  neutral,  which  would  yield  a  hori 
zontal  straight  line.  The  selectivity  in 
absorption  of  the  neutrals  formed  by  a 
color  process  implies  that  density  measure 
ments  of  a  color  image  will  be  greatly  af 
fected  by  the  spectral  characteristics  of  the 
light  source  and  the  receptor  used  in  the 
densitometer. 

The  problems  arising  from  light  scat 
tered  by  the  image  are  less  serious  for  dye 
images  than  for  silver  images.  Although 
color  images  have  a  fine  structure  resem 
bling  grain,  the  absence  of  comparatively 
large  scattering  structures  reduces  the  dif 
fusion  of  light;  hence  there  will  be  less 
difference  between  specular  and  diffuse 
densities  for  dye  images  than  for  silver 
images.  Standard  practice  is  to  use  diffuse 
densities,  however,  because  the  conditions 
of  measurement  can  be  readily  specified. 

Classification  of  Color  Densities.  For 
the  reasons  suggested  above,  a  number  of 
methods  of  color-density  measurement 
have  been  devised.  These  methods  differ 
in  the  information  that  is  sought  concern 
ing  the  image  and,  therefore,  in  the  re 
quired  techniques  of  measurement. 

There  are  two  major  types  of  color  den 
sity: 


1.  Integral  densities  measure  the  total 
effect   of   the   three   superimposed   layers. 
Such   measurements   make   no   attempt  to 
separate  the  contributions  of  the  dyes  to 
the  total  density. 

2.  Analytical  densities  measure  the  in 
dividual    absorptions    of    the    dye    layers. 
Such  measurements  indicate  the  composi 
tion  of  the  image  in  terms  of  the  amounts 
of  the  dyes  present. 

Integral  densities  in  general  are  capable 
of  more  rigid  specification  than  are  ana 
lytical  densities;  the  latter  are  often  de 
fined  in  terms  of  a  specific  receptor.  In 
tegral  densities  indicate  performance  and 
are  therefore  more  easily  measured  than 
are  analytical  densities.  Simple  integral 
measurements  are  often  satisfactory  for 
the  consumer  or  processor  of  a  color  mate 
rial.  Since,  however,  they  give  no  direct 
information  about  image  composition,  in 
tegral  densities  are  often  insufficient  for 
the  manufacturer  of  a  color  film;  integral 
densities  may  be  used  to  indicate  whether 
or  not  an  error  has  occurred  in  manufac 
ture  or  processing  of  a  color  material,  but 
they  rarely  indicate  the  source  or  even  the 
nature  of  the  error.  Analytical  densities 
are  more  difficult  to  obtain,  but  they  are 
required  in  instances  in  which  the  compo 
sition  of  the  image  must  be  known. 

Each  of  the  two  main  types  of  densities 
described  above  may  be  further  classified 
in  terms  of  the  kind  of  information  sup 
plied  by  the  measurement. 

Types  of  Integral  Densities.  1.  Spec 
tral  integral  densities  describe  the  image 
by  specifying  its  fundamental  physical  ab 
sorption  characteristics.  Such  densities 
are  basic  in  that  they  are  independent  of 
the  spectral  characteristics  of  the  source 
or  receptor  used  in  the  measurement.  The 
uppermost  curve  in  Fig.  21.2  represents 
the  results  of  such  a  measurement.  The 
densities  do  not,  however,  directly  indicate 
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the  appearance  nor  the  performance  of  the 
image. 

2.  Integral    printing    densities    measure 
the  effect  of  a  color  transparency  in  a  spe 
cific  printing  situation,   i.e.,   in  a  certain 
printer  and  with  a  certain  printing  mate 
rial.    Integral  printing  densities  are  there 
fore  narrowly  defined  and  are  valid  only 
with  a  specified  illumination  and  optical 
system   and  with   a   receptor  of  specified 
characteristics. 

3.  Integral   colorimetric  densities  meas 
ure  the  visual  effect  of  a  color  image  in 
terms   of   the   standard   CIE    parameters, 
based  on  colorimetric  calculations.     Such 
densities  are  closely  related  to  the  appear 
ance  of  the  image,  unlike  other  types  of 
density. 

4.  Integral     three-filter     densities     are 
based  on  the  use  of  three  arbitrarily  chosen 
filters — red,   green,   and  blue.     Since  the 
spectral   characteristics   of   the   apparatus 
are  not  specifically  defined,  these  densities 
are     primarily     useful     for     determining 
whether  or  not  a  sample  matches  a  stand 
ard.    They  do  not  indicate  the  appearance 
of  the  image,  nor  do  they  accurately  indi 
cate  the  extent  to  which  the  sample  fails 
to  agree  with  the  standard.     Since,  how 
ever,    they    are    very    easily    determined, 
they  are  more  commonly  used  than  any 
other  kind  of  color  density,  especially  for 
processing  control  purposes. 

Types  of  Analytical  Densities.  These 
in  principle  must  be  determined  by  a 
study  of  each  dye  separately.  This  may 
be  done  by  coating  separate  layers  or  by 
exposing  a  tripack  color  material  so  that 
only  a  single  layer  of  dye  is  formed,  as 
well  as  by  other  more  complex  chemical 
methods  of  isolating  one  dye  at  a  time. 

1.  Analytical  spectral  densities  measure 
the  absorption  characteristics  of  the  dye 
wave  length  by  wave  length.  The  three 
lower  curves  in  Fig.  21.2  represent  such 
data.  These  densities  are,  like  the  integral 


spectral  densities,  fundamental  to  a  study 
of  dye  behavior,  but  the  measurement  pro 
cedure  is  very  involved. 

2.  Equivalent  neutral  densities  describe 
each  dye  by  a  single  number,  which  is  de 
fined  as  the  density  of  the  visual  neutral 
that  is  formed  by  the  dye  sample  when 
sufficient  amounts  of  the  other  two  dyes  of 
the  process  are  added  to  it.     Equivalent 
neutral  densities,  although  they  are  some 
what  difficult  to  secure,  are  closely  related 
to  the  appearance  of  the  image.     A  visu 
ally  neutral  patch,  such  as  is  represented 
in  Fig.  21.2,  will  by  definition  be  specified 
by  equal  equivalent  neutral  densities  for 
the   three    component    dyes,    whereas    the 
same   image   may   involve    quite    different 
analytical  spectral  densities. 

3.  Equivalent  neutral  printing  densities 
are  defined  in  a  manner  similar  to  the  pre 
ceding,  except  that  a  printing  emulsion  is 
the  receptor,  instead  of  the  eye.     A  color 
patch  will  have  three  equal  equivalent  neu 
tral   printing   densities   if   it   is   to   print 
exactly  like  a  nonseleetive  neutral  patch. 
Such  densities  are  exceptionally  useful  in 
predicting  the  behavior  of  an  image  in  a 
printing  system. 

Color  Densitometers.  Since  color  den 
sity  measurement  involves  the  isolation  of 
narrow  spectral  energy  bands,  color  densi- 
tometers  must  have  higher  sensitivity  than 
those  used  solely  for  black-and-white  meas 
urements.  In  addition,  color  transparen 
cies  may  contain  densities  of  the  order  of 
3.0  or  higher,  further  increasing  the  re 
quired  sensitivity. 

The  energy  source  must  produce  suf 
ficient  energy  in  the  desired  wave-length 
regions.  Tungsten  lamps  are  weak  in 
short  wave  lengths,  and  the  high  infrared 
energy  must  be  dissipated.  Mercury-cad 
mium  arc  lamps  produce  useful  amounts 
of  energy  at  three  appropriate  wave 
lengths  (among  others),  namely  at  436, 
546,  and  644  millimicrons  (m/*).  Although 
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these  lamps  are  not  suitable  for  practical 
densitometry,  the  present  American  Stand 
ard  2  for  color  densitometers  specifies  the 
use  of  a  mercury-cadmium  source  as  a 
reference  standard. 

Filters  used  in  color  densitometers  must 
be  stable;  glass  filters  are  superior  in  this 
respect  to  those  made  of  dyed  gelatin  or 
plastic.  Fading  of  filters  is  reduced  if  the 
filters  receive  little  ultraviolet  radiation; 
the  fluorescence  characteristic  of  some 
dyed  filters  also  is  eliminated  by  the  use 
of  an  ultraviolet  absorber  in  the  optical 
system. 

Visual  color  densitometers  are  relatively 
inexpensive;  they  are  suitable  only  if  few 
readings  of  color  images  are  required. 
Photoelectric  densitometers  are  a  practical 
necessity  if  many  readings  are  needed. 
The  sensitivity  of  many  photoelectric  cells 
to  infrared  and  ultraviolet  radiation  must 
be  effectively  reduced  by  the  use  of  appro 
priate  filters. 

Confidence  in  the  readings  obtained  with 
color  densitometers  necessitates  that  statis 
tical  control  methods  be  applied  to  the 
instruments.  Periodic  readings  should  be 
made  on  standard  color  patches  to  detect 
otherwise  unnoticeable  changes  in  the  re 
sponse  of  the  densitometers.  Attention 
should  be  given  to  routine  cleaning  of  the 
optical  parts  of  the  densitometer ;  the 
presence  of  a  small  amount  of  dust  can 
easily  reduce  the  response  by  a  factor  of 
two. 

Spectral  Densitometers.  The  essential 
requirement  for  measuring  spectral  densi 
ties  is  that  the  instrument  should  provide 
narrow  wave-length  bands  of  energy. 
Spectrophotometers,  such  as  the  Beekman 
Model  B  (Beekman  Institute,  Fullerton, 
California),  employ  a  prism  to  disperse 


2  ASA  Standard  PH  2.1-1952,  Spectral  Diffuse 
Densities  of  Three-Component  Subtraetive  Color 
Films. 


the  radiation  from  a  suitable  source,  and 
may  be  used  to  determine  spectral  densi 
ties  at  any  desired  wave  length ;  the  band 
width  varies  from  less  than  one  to  several 
millimicrons.  The  density  range  is  from 
0.0  to  3.0  under  favorable  circumstances; 
this  is  made  possible  by  the  utilization  of 
photocells  of  different  sensitivity.  Similar 
instruments  are  manufactured  by  Bausch 
and  Lomb,  Rochester,  New  York  (Spec- 
tronic  20  Colorimeter). 

Recording  spectrophotometers,  such  as 
those  manufactured  by  the  General  Elec 
tric  Company,  automatically  plot  curves 
of  density  versus  wave  length.  The  range 
of  this  device  is  from  0.0  to  more  than 
2.0,  but  with  reduced  precision  at  the 
higher  densities. 

Three-filter  densitometers,  mentioned 
subsequently,  may  be  modified  to  yield 
densities  which  are  approximately  spectral, 
if  selected  interference  filters  are  sub 
stituted  for  those  generally  used.  The 
band  width  is  several  millimicrons,  and 
the  range  of  density  measurement  is  re 
duced. 

Three-Filter  Densitometers.  The  in 
struments  described  previously  (Chapter 
20)  as  providing  black-and-white  densities 
may  incorporate  red,  green,  and  blue  fil 
ters  for  integral  color-density  measure 
ment.  Since  the  filters  are  arbitrarily 
chosen,  the  densities  so  obtained  are  of 
only  limited  significance.  The  absorption 
of  the  filters  necessarily  reduces  the  range 
of  the  densitometers  below  that  available 
for  black-and-white  measurements. 

Printing  Densitometers.  The  preceding 
instruments  may  be  modified  for  the  de 
termination  of  integral  printing  densities 
by  the  insertion  of  the  proper  filters,  whose 
characteristics  may  be  calculated  from  the 
following  information : 3 


s  Williams,  <7.   Opt.  Soc.  Amer.  40,   No.   2,  pp. 
104-110    (February   1950). 
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1.  The  spectral  energy  distributions  of 
the  illumination  sources  in  the  printer  and 
the  densitometer. 

2.  The  spectral  absorptions  of  the  op 
tical  systems  of  the  printer  and  the  densi 
tometer,  including  any  filters. 

3.  The    spectral   response    functions    of 
the    printing    material    and    the    receptor 
used  in  the  densitometer. 

The  densitometer  filters  must  have  ab 
sorption  characteristics  such  that,  when  a 
sample  is  introduced  into  the  densitometer, 
the  change  it  produces  in  the  total  densi 
tometer  response  is  the  same  as  that  which 
is  caused  when  the  sample  is  introduced 
into  the  printing  system.  A  printing  den 
sitometer  will  give  reliable  information 
only  for  one  printer  and  for  one  printing 
material,  but  it  will  correctly  evaluate  any 
negative  or  transparency  to  be  used  with 
a  particular  printing  system. 

Although  the  method  described  above  is 
correct  in  theory,  errors  may  arise  in 
application,  particularly  if  interlayer  ef 
fects  are  great.  The  source  of  the  diffi 
culty  lies  in  the  definition  of  the  spectral 
sensitivity  of  the  printing  material,  which 
is  usually  specified  only  for  the  independ 
ent  response  of  the  emulsion  layers,  and 
at  only  one  level  of  response. 

Analytic  Densitometers.  Equivalent 
neutral  densities  may  be  measured  by 
adding  to  a  visual  densitometer  separate 
continuous  wedges  of  the  dyes  used  in  the 
color  process  to  be  evaluated.4  The  wedges 
are  calibrated  by  superimposing  them  to 
form  a  series  of  visual  neutrals  of  different 
densities  and  by  measuring  these  densities. 
The  scale  numbers  on  each  wedge  are  then 
(by  the  definition  of  equivalent  neutral 
density)  the  densities  of  the  neutrals  so 
produced. 

Color  patches  of  the  same  color  process 

*  Evans,  Hanson,  and  Brewer,  Principles  of 
Color  Photography,  John  Wiley  and  Sons,  Inc., 
New  York,  pp.  434,  436. 


may  then  be  measured  by  adjusting  the 
color  wedges  to  form  a  neutral  with  the 
patch,  measuring  the  density  of  the  neu 
tral,  and  subtracting  each  wedge  density 
from  that  of  the  neutral. 

Transformations  of  Densities.  Because 
of  the  difficulties  involved  in  direct  ana 
lytical  density  measurement,  methods  have 
been  devised  to  convert  integral  densities 
to  analytical  densities.  The  methods  are 
successful  to  the  extent  that  the  dyes  form 
ing  the  image  follow  these  laws : 

1.  The  additivity  rule :  Spectral  integral 
densities  are  the  sum  of  the  spectral  ana 
lytical    densities   of   the   three   dyes.      In 
Fig.  21.2,  the  densities  represented  by  the 
uppermost  curve  are  the  sums  of  the  densi 
ties  of  the  three  lower  curves. 

2.  The  proportionality  rule:  If  the  con 
centration  of  a  dye  is  changed,  the  density 
of   that   dye   at   any   wave   length   varies 
linearly    with    its    density    at    any    other 
wave  length.     This  rule  is  sometimes  ex 
pressed  as  the  log  D  law;  if  a  dye  obeys 
the    proportionality    rule,    the    curve    ob 
tained  when  log  density  is  plotted  against 
wave   length   is   constant   in  shape,   inde 
pendent  of  the  concentration  of  the  dye. 
For  the   magenta   dye   in   Fig.   21.2,   the 
density  at  500  m^  is  half  its  peak  density; 
this  ratio   of   1-2   for   this   dye   at  these 
wave   lengths   is,   by   the   proportionality 
rule,  a  constant.     An  important  interfer 
ence  from  this  rule  is  that  the  density  of 
a   dye   at   any   wave   length   specifies    in 
effect    the    densities    at    any    other    wave 
length. 

3.  Beer's  Law:  The  spectral  density  of 
a  dye  is  proportional  to  the  concentration 
of  the  dye.    This  law  implies  that  analyti 
cal  spectral   densities  are  appropriate   as 
measures   of  dye  concentration,   i.e.,   that 
analytical  spectral  densities  may  be  used 
instead   of  more  difficult    (and  more  im 
practical)     chemical    estimations    of    the 
amount  of  dye  in  a  sample  patch. 
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4.  The  neutral  rule:  The  relative 
amounts  of  dyes  required  to  form  a  neu 
tral  are  independent  of  the  density  of  the 
neutral  so  formed. 

To  the  extent  that  a  set  of  dyes  used 
in  a  color  process  obeys  the  four  rules 
above,  it  is  possible  to  convert  one  type  of 
spectral  density  to  another.  Spectral  ana 
lytical  densities,  for  example,  may  be  eon- 
verted  to  integral  spectral  densities  merely 
by  applying  the  additivity  rule.  Referring 
again  to  Fig.  21.2,  the  total  density  of  the 
three  dyes,  shown  as  the  uppermost  curve, 
is  the  sum  of  the  analytical  densities  of 
the  three  component  dyes,  shown  in  the 
other  curves. 

The  analytical  spectral  density  of  any 
amount  of  these  dyes  may  be  found  by: 

1.  Defining    the    unit    concentration    of 
each    dye   as   that   amount   which   has   a 
density  of  1.00  at  or  near  the  wave  length 
of  maximum  absorption. 

2.  Since  the  dye  amounts  shown  in  Pig. 
21.2.  are  not  present  in  unit  concentration 
as  so  defined,  applying  the  proportionality 
rule  to  calculate  the  analytical  densities 
for  unit  concentration.    The  calculation  re 
quired  is  a  division  of  the  analytical  densi 
ties  for  each  curve  by  the  peak  density  for 
that    curve.      This   process    is   frequently 
termed  "normalization." 

3.  Writing  three  equations,  one  for  each 
chosen  spectral  density. 

The  following  data  illustrate  the  method. 


In  these  equations,  D^Q,  #544,  and  D646 
symbolize  integral  spectral  densities.  Y, 
My  and  C  symbolize  concentrations  of  dyes, 
the  concentrations  being  measured  in 
terms  of  spectral  analytical  densities. 

Although  the  three  equations  just  de 
rived  may  be  used  to  find  the  total  spec 
tral  densities  of  any  amounts  of  the  three 
dyes  considered  (if  the  spectral  densities 
of  the  individual  dyes  are  known),  such 
a  conversion  is  usually  impractical.  The 
reverse  conversion,  from  integral  spectral 
densities,  to  analytical  spectral  densities, 
is  more  useful.  What  is  required  is  the 
algebraic  solution  of  the  foregoing  three 
equations  for  the  dye  concentrations  (Y, 
My  and  C)  in  terms  of  the  integral  spectral 
densities  (Z>436,  #544,  and  Z>646).  (The 
method  of  determinants  is  convenient  for 
this  mathematical  process.)  These  three 
equations  result: 

Y  =       1.02Z>436  -  0.17Z)544  -  0.06£646 
M  =  -  0.11D436  +  1.03£>544  -  0.18Z)646 

C    =     -   0.11Z>436    -   0.08£>544   +    1.03£>646 

These  equations  make  possible  the  rapid 
calculation  of  analytical  densities,  repre 
senting  the  constituent  dyes  in  an  image, 
from  easily  made  integral  spectral  density 
measurements. 

Any  failure  of  the  dyes  to  obey  the 
rules  on  which  the  conversion  is  based  will 
cause  errors  in  the  calculated  results. 
Such  errors  are  more  likely  to  occur  for 


ANALYTICAL    SPECTRAL    DENSITIES 

(from  Fig.  21.2) 
Dyes 


NORMALIZED   ANALYTICAL    SPECTRAL 
DENSITIES 

Dyes 


Wave  Length 
436 

Yellow 
1.45 

Magenta 
0.25 

Cyan 
0.15 

544 

0.16 

1.43 

0.30 

646 

0.03 

0.12 

1.71 

Yellow 
1.00 

Magenta 
0.17 

Cyan 
0.09 

0.11 

1.00 

0.18 

0.02 

0.08 

1.00 

DYE    EQUATIONS 

Z>436  =  1-OOF  4-  O.raf  +  0.09C 
/)544  =  0.11  Y  -f  l.OOJf  +  0.18C 
£>646  =  0.027  +  O.O&lf  +  l.OOC 
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high  densities,  since  many  dyes  fail  to 
obey  the  proportionality  rule  at  high  dye 
concentrations.  If  this  failure  is  signi 
ficant,  nonlinear  equations  would  be  neces 
sary  to  relate  integral  spectral  densities 
and  analytical  spectral  densities. 

The  presence  of  significant  stain  (or  fog 
density)  in  the  image  also  will  cause 
errors.  Stain  may  be  approximately  taken 
into  account  by  the  addition  of  a  fourth 
constant  term  to  each  of  the  original  equa 
tions  expressing  integral  spectral  densities 
as  determined  by  analytical  spectral  densi 
ties. 

Calculation  of  Equivalent  Neutral  Den 
sities.  Equivalent  neutral  densities,  which 
are  exceptionally  useful  in  that  they  are 
easily  related  to  image  appearance,  are 
calculable  from  analytical  spectral  densi 
ties  on  the  basis  of  the  neutral  rule.  The 
required  proportionality  constants  are  de 
termined  from  a  set  of  dye  curves  which 
are  found  to  produce  a  visually  neutral 
image.  From  Fig.  21.2,  where  the  re 
quired  conditions  are  met,  each  of  the 
dyes  represented  here  has  an  equivalent 
neutral  density  of  1.72.  The  analytical 
spectral  density  of  the  yellow  dye  at  the 
chosen  wave  length  (436  m^)  is  1.45.  The 
conversion  factor  for  calculating  equiva 
lent  neutral  densities  from  analytical  spec 
tral  densities  for  this  dye  is  1.72/1.45,  or 
1.19.  The  corresponding  factors  for  the 
magenta  and  cyan  dyes  are  similarly  ob 
tained  and  are,  respectively,  1.20  and  1.01. 
These  constants  may  be  applied  to  the 
equations  formerly  derived  for  calculating 
analytical  spectral  densities,  by  multiply 
ing  each  of  the  constants  in  the  equations 
by  the  appropriate  factors  just  computed, 
with  this  result: 

y  =       1.22Z>436  -  0.20Z)544  -  0.07Z>646 
m  =  -  0.13Z)436  +  1.24Z>544  -  0.22Z>646 

C   =    -  0.11Z>436   -  0.08Z)544  +   1 .040646 


In  these  equations,  y,  m,  and  c  symbolize 
equivalent  neutral  densities  of  the  yellow, 
magenta,  and  cyan  dyes,  respectively. 

Color  Reflection  Densities.  The  types 
of  densities  described  above  are  equally 
appropriate  for  the  measurement  of  color 
prints.  The  dye  laws,  however,  which  are 
often  adequately  obeyed  by  transparent 
dye  images,  are  hardly  applicable  to  re 
flection  densities. 

The  causes  of  the  failure  of  the  dye  laws 
for  reflection  densities  are : 

1.  The  reflection  of  diffuse  light  from 
the  source  by  the  uppermost  surface   of 
the  image.     Since  this  is  nonselective  re 
flection,  it  has  the  effect  of  reducing  the 
image  saturation  and  of  setting  an  upper 
limit  to  the  density  that  may  be  obtained. 
As  a  consequence,  the  additivity  rule  and 
the  proportionality  rule  fail,  especially  for 
high  densities  in  the  image. 

2.  Multiple   reflections    of   light   within 
the  image,  particularly  between  the  base 
and    the    uppermost    dye    layer    surface. 
Such  reflections  cause  the  light  to  follow 
a   variety   of   complex   paths   within    the 
image,    effectively    increasing   the    optical 
path  of  the  light  through  the  dyes. 

This  process  is  an  additional  cause  of 
the  failure  of  the  simple  dye  laws. 

It  is  therefore  impossible  to  use  simple 
linear  relationships  to  convert  from  one 
type  of  reflection  density  to  another.  Two 
methods  may  be  used  to  eliminate  the  ef 
fects  of  dye-law  failures  for  reflection 
densities : 

1.  A  densitometer  may  be  designed  to 
eliminate  the  effects  of  surface  reflections 
by  making  the  measurements  through  a 
block  of  glass  which  is  in  optical  contact 
with  the  upper  surface  of  the  print.5 


s  Williams  and  Clapper,  J".  Opt.  Soc.  Amer.  43, 
No.   7,  pp.   595-599    (July   1953). 
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PIG.  21.3.     The   result   of   plotting   a   sensitometric   strip    of   visually   neutral 
deposits  for  the  set  of  dyes  represented  in  Pig.  21.2. 


2.  Measurements  made  with  conven 
tional  equipment  may  be  converted  to  cor 
responding  transmission  densities  by  the 
use  of  an  empirically  determined  calibra 
tion  curve.  The  curve  is  determined  by 
plotting  the  transmission  densities  of  a 
suitable  range  of  transparent  films  against 
the  reflection  densities  of  the  same  films 
in  optical  contact  with  the  base  used  in 
making  the  color  prints.  By  means  of 
the  curve,  print  reflection  densities  are 
converted  to  the  corresponding  transmis 
sion  densities  which  may  be  handled  using 
equations  as  previously  described;  the  re 
sults  of  these  calculations  then  are  recon 
verted  to  reflection  densities  by  means  of 
the  same  calibration  curve. 

Interpretation  of  Color  Sensitometric 
Data.  In  evaluating  characteristic  D  log 
E  curves  for  color  materials,  it  must  be 
realized  that  the  shape  of  the  curve  is 
profoundly  affected  by  the  nature  of  the 
density  involved.  For  example,  Fig.  21.3 
presents  schematically  the  results  obtained 


when  data  are  plotted  representing  a  sensi 
tometric  strip  consisting  of  visually  neu 
tral  patches,  for  a  set  of  dyes  with  absorp 
tion  characteristics  illustrated  in  Fig.  21.2. 

The  three  curves  representing  equiva 
lent  neutral  density  necessarily  coincide  by 
reason  of  the  definition  of  this  class  of 
density.  When  analytical  spectral  densi 
ties  are  used,  the  curve  representing  the 
cyan  dye  has  a  greater  slope  and  density 
that  the  curves  for  the  other  two  dyes  be 
cause  of  the  higher  peak  density  of  this 
dye.  Similarly,  the  nature  of  the  integral 
spectral  density  curves  is  dictated  by  the 
particular  absorption  characteristics  of  the 
dyes,  as  well  as  by  the  wave  lengths  chosen 
for  the  measurement  used.  Arbitrary 
three-filter  measurements  would  probably 
differ  from  any  of  those  shown  and  would 
vary  with  the  instrument  used  in  making 
the  measurements. 

Inasmuch  as  the  characteristic  curves 
vary  with  the  density  represented,  derived 
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FIG.  21.4.  Sensitometric  characteristics  of  a  reversible  color  film  illustrated 
by  the  vector  method.  The  direction  of  the  vector  represents  the  dominant 
wave  length  of  the  corresponding  step,  and  the  length  of  the  vector  represents 
the  magnitude  of  the  departure  from  gray  of  the  step.  A  point  vector  (as  at 
density  2.1)  represents  gray  balance.  The  orientation  of  the  vectors  is  such 
that,  when  transposed  on  the  C.I.E.  chromatieity  diagram,  the  approximate 
dominant  wave  length  is  indicated.  (Sweet,  J.  Opt.  Soc.  Amer.  42,  232  (1952).) 


parameters  from  the  curves  depend  also 
on  the  measurement  of  the  image.  Such 
concepts  as  fog  and  maximum  density  have 
the  same  significance  for  color  materials 
as  for  black-and-white  images.  Other  con 
cepts,  such  as  contrast  and  speed,  are 
more  difficult  to  define. 

Since  color  sensitometric  curves  rarely 
exhibit  a  straight  line  of  consequence, 
gamma  has  no,  or  at  best  only  limited, 
significance.  Contrast  of  color  images  is 
generally  measured  as  a  density  difference 
between  selected  (often  arbitrarily  chosen) 
log  E  values,  or  as  the  slope  of  the  straight 


line  drawn  to  approximate  a  selected  por 
tion  of  the  curve.  For  processing  control, 
such  estimates  of  contrast  are  satisfactory ; 
they  are  less  useful  as  measures  of  the 
quality  of  the  photographic  image. 

Presently  published  exposure  indexes 
for  color  materials  are  derived  from  prac 
tical  tests  of  the  materials.  For  process 
ing  control,  it  is  usually  sufficient  to  esti 
mate  the  speed  in  terms  of  the  relative 
log  E  value  assignable  to  a  fixed  density, 
ordinarily  selected  so  as  to  fall  near  the 
center  of  the  useful  portion  of  the  density 
range. 
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The  present  American  Standard  6  for  re 
versal  color  materials  is  based  on  the  log 
E  value  midway  between  two  densities,  the 
smaller  of  which  is  defined  as  0.2  over  base 
plus  fog,  and  the  larger  of  which  is  de 
termined  by  the  point  of  tangency  in  the 
shoulder  of  the  curve  of  a  straight  line 
drawn  from  the  previous  point.  The  im 
plications  of  this  proposal  are  the  approxi 
mately  equal  weight  given  to  the  repro 
duction  of  the  shadows  and  the  highlights 
in  defining  image  quality,  and  in  the  judg 
ment  that  the  upper  density  should  be 
based  on  the  reproduction  of  the  shadows 
with  sufficient  detail. 


e  ASA    Standard    PH  2.21-1961,    Speed    of    Re 
versal  Color  Films  for  Still  Photographs. 


Departures  of  a  sample  curve  from  a 
reference  or  standard  curve  may  be  shown 
by  vectors,  as  in  Fig.  21.4.  Each  vector 
represents  the  difference  between  a  patch 
of  the  standard  and  the  corresponding 
patch  of  the  sample  as  related  to  the  CIE 
diagram  and  is,  therefore,  capable  of  in 
terpretation  in  terms  of  the  appearance 
of  the  image. 

Trilinear  plots  are  also  often  used  to 
relate  a  sample  to  a  standard,  as  in  Fig. 
21.5.  By  experiment,  the  effects  of  color 
correction  of  filters  of  various  hues  and 
densities  are  determined.  When  the  re 
sults  of  measurements  of  samples  are 
thereafter  plotted  on  the  figure,  the  de 
partures  of  the  samples  may  be  visualized 
in  terms  of  the  corresponding  CC  filter 
effects.  Such  methods  are  more  reliable 
if  equivalent  neutral  densities  are  used; 
they  are  only  somewhat  less  useful  if  arbi 
trary  three-filter  densities  are  used.  With 
the  latter,  the  reliability  of  the  method  is 
good  if  the  differences  between  the  stand 
ard  and  the  sample  are  small,  as  is  often 
true  for  sensitometrie  strips  appropriately 
processed. 


Chapter  22 

THE  REPRODUCTION  OF  TONE 


Modern  photography  finds  application 
in  almost  every  field  of  human  endeavor. 
Photographic  materials  are  therefore  re 
quired  to  perform  a  multiude  of  functions. 
A  discussion  of  the  tone  reproduction  prob 
lems  involved  in  all  these  applications  of 
photography  is  beyond  the  scope  of  this 
chapter.  We  shall  deal  here  only  with 
pictorial  photography,  in  which  the  end 
result  is  a  two-dimensional  picture  in 
monochrome.  We  shall  furthermore  as 
sume  in  this  chapter  that  the  picture  is  to 
be  produced  by  straight-forward  photo 
graphic  methods  without  recourse  to  the 
artifices  of  retouching,  air-brushing,  mask 
ing,  etc.  We  shall  assume  that  the  func 
tion  of  photography  in  this  application  is 
to  provide  the  medium  by  means  of  which 
an  excellent  reproduction  of  an  original  is 
obtained. 

An  "excellent  photographic  reproduc 
tion"  or  a  "photograph  of  excellent  qual 
ity"  are  terms  frequently  used  in  assessing 
the  merits  of  a  picture  made  by  photo 
graphic  processes.  These  terms  are  often 
used  in  different  senses  in  referring  to 
various  aspects  of  the  appearance  of  a 
picture.  In  general,  these  aspects  can  be 
considered  to  fall  into  two  categories — 
artistic  and  technical.  The  artistic  quali 
ties  of  a  photograph  are  to  a  large  extent 
determined  by  the  lighting  and  composi 
tion  of  the  scene.  It  is  evident  that  the 
factors  which  control  these  aspects  of  qual 
ity  are  not  functions  of  the  photographic 
processes,  but  rather  of  the  skill  of  the 
photographer  in  selecting  and  arranging 
his  subject  matter.  The  technical  aspect 
of  photographic  quality  pertains  to  the 


manner  in  which  the  photographic  repro 
duction  represents  the  light  and  shade  and 
geometry  of  the  original  subject.  Tone 
reproduction  studies  are  concerned  with 
the  derivation  and  interpretation  of  the 
tonal  relationship  which  exists  between  the 
subject  and  its  phototraphie  reproduction. 
In  the  conventional  approach  to  the  so 
lution  of  tone  reproduction  problems  there 
are  two  distinct  phases — the  objective  and 
the  subjective.  The  objective  phase  in 
volves  comparative  measurements  of  light 
reflected  from  the  subject  and  transmitted 
or  reflected  by  the  photographic  reproduc 
tion.  The  subjective  phase  is  concerned 
with  the  human  factor,  i.e.,  with  the  per 
sonal  reactions  of  the  observer  to  various 
visual  stimuli  presented  in  the  form  of 
photographs. 

OBJECTIVE  TONE  REPRODUCTION 

As  mentioned  previously,  the  objective 
phase  of  tone  reproduction  studies  is  con 
cerned  with  quantitative  relationships.  Of 
primary  interest  are  those  which  are  de 
rived  by  photometric  methods.  It  is  neces 
sary,  therefore,  at  this  point  to  introduce 
certain  concepts  on  which  photometric 
practice  is  based,  and  to  define  the  terms 
and  units  with  which  this  science  deals. 

Photometric  Terms  and  Units.  Pho 
tometry  is  the  science  which  treats  of  the 
measurement  of  the  quantitative  character 
istics  of  light.  For  the  purposes  of  pho 
tometry,  light  is  radiant  energy  evaluated 
according  to  its  capacity  to  produce  visual 
sensation,  particularly  the  brightness  at 
tribute  of  visual  sensation.  The  following 
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photometric  quantities  will  be  utilized  ex 
tensively  in  this  chapter: 

Luminous  Flux.  Luminous  flux  is  the 
time  rate  of  flow,  emission,  or  incidence  of 
light.  The  unit  of  luminous  flux  is  the 
lumen.  It  is  equal  to  the  flux  within  a 
unit  solid  angle  from  a  point  source  of 
one  candle.  There  are  4?r  lumens  radiated 
from  a  source  having  a  luminous  intensity 
of  one  candle. 

Luminance.  Luminance  is  the  luminous 
flux  per  unit  solid  angle  emitted  per  unit 
projected  area  of  a  source.  A  convenient 
unit  of  luminance  is  the  f  oot-lambert.  This 
is  the  luminance  of  a  surface  emitting 
I/TT  candle  per  square  foot  of  projected 
area. 

Illuminance.  Illuminance  is  the  lumi 
nous  flux  incident  per  unit  area  of  surface. 
The  metric  unit  of  illuminance  is  the 
meter-candle  and  is  equal  to  one  lumen  per 
square  meter.  The  foot-candle  is  the  Eng 
lish  unit  of  illuminance  and  is  equal  to  one 
lumen  incident  per  square  foot. 

The  Basic  Objective  Tone  Relationship. 
The  basic  relationship  in  the  objective 
phase  of  tone  reproduction  studies  is  that 
which  exists  between  the  relative  lumi 
nance  and  luminance  differences  in  the 
original  and  in  the  reproduction.  Since 
the  luminance  of  the  reproduction  is  de 
pendent  upon  the  illuminance  under  which 
it  is  viewed,  and  since  only  relative  values 
are  required,  it  is  convenient  to  substitute 
density  of  the  print  for  log  luminance 
of  the  print  in  the  graphic  representation 
of  this  basic  relationship.  Since  density 
is  inversely  proportional  to  log  luminance, 
the  curve  will  take  the  same  form,  except 
that  the  coordinate  scale  will  be  inverted. 
Such  a  graph  is  shown  in  Pig.  22.1  in 
which  print  density  DR  is  plotted  as  a 
function  of  the  logarithm  of  object  lumi 
nance  -B0.  This  is  the  so-called  objective 
tone  reproduction  curve. 
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FIG.  22.1.  A  typical  tone  reproduction  curve 
in  which  print  density  DR  is  plotted  as  a  func 
tion  of  the  logarithms  of  object  luminance,  Bo. 
The  log  luminance  scale  of  the  object,  BSo,  is 
indicated  between  the  limits  Bo  mm  and  Bo  max. 

The  curve  shown  in  Fig.  22.1,  while 
typical,  is  only  one  of  an  infinite  array  of 
such  curves  which  characterize  photo 
graphic  reproductions.  The  nature  of  the 
tone  reproduction  curve  is  dependent  upon 
many  factors,  most  of  which  will  vary  with 
each  photograph.  It  follows,  then,  that 
these  factors,  because  they  affect  the  char 
acter  of  the  tone  reproduction  curve,  must 
also  affect  photographic  quality.  A  care 
ful  consideration  of  each  of  these  factors 
is  essential  to  an  adequate  appreciation  of 
the  nature  of  the  variables  which  are  in 
volved  in  the  technical  aspects  of  photo 
graphic  quality.  In  the  sections  which 
follow  these  factors  will  be  identified  with : 

The  luminance  scale  of  the  object 

Camera  flare 

Camera  exposure 

The  characteristics  of  the  negative  ma 
terial. 

Printing  exposure 

The  characteristics  of  the  positive  ma 
terial. 

The  objective  tone  reproduction  curve 
can  be  considered  as  representing  the  end 
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point  of  a  reproduction  cycle.  A  graphic 
presentation  of  this  cycle  was  suggested  by 
Jones.1  Jones  at  that  time  did  not  in 
corporate  the  curve  for  camera  flare  in  his 
graphs  since  it  was  not  until  relatively  re 
cently  that  the  importance  of  this  function 
was  fully  appreciated.  The  graphical  form 
suggested  by  Jones  has  now  been  modified 
to  include  the  flare  curve  and  is  presented 
here  as  the  four-quadrant  diagram  in  Fig. 
22.2.  The  tone  reproduction  curve  in 
Quadrant  IV  is  obtained  by  combining  the 
separate  curves  for  camera  flare  (Quad 
rant  I),  the  negative  material  (Quadrant 
II),  and  the  positive  material  (Quadrant 
III).  The  functions  which  these  curves 
represent  and  the  graphical  procedure  for 
combining  the  separate  curves  to  give  the 


Jones,  J.  Franklin  Inst.  39,  190    (1920). 


objective  tone  reproduction  curve  will  be 
discussed  in  turn. 

Quadrant  I— The  Flare  Curve.  The  des 
ignation  of  the  relationship  in  Quadrant  I 
of  Fig.  22.2  as  the  flare  curve  is  a  matter 
of  convenience  rather  than  of  precise  no 
menclature.  More  exactly,  it  is  the  ob 
ject  luminance — image  illuminance  curve. 
This  relationship  constitutes  the  first  step 
in  a  complete  graphical  analysis  of  the 
tone  reproduction  cycle,  because  it  is  neces 
sary  first  to  establish  the  manner  in  which 
the  luminance  and  luminance  differences 
of  the  object  are  represented  in  the  image 
plane  of  the  camera. 

At  any  point  in  the  image  plane  of  a 
camera  the  illuminance  is  attributable  to 
two  distinct  sources — (a)  the  illuminance 
due  to  "image-forming"  light  coming  di 
rectly  from  a  point  on  the  object,  and  (b) 
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FIG.  22.2.    Complete  graphical  representation  of  the  objective  tone 
reproduction  cycle. 
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the  illuminance  due  to  "nonimage-form- 
ing"  light  or  flare  light.  The  term,  flare 
light,  is  used  to  designate  the  illuminance 
which  is  distributed  more  or  less  uniformly 
over  the  image  plane.  Nonimage-forming 
light  arises  from  several  sources,  such  as 
interreflections  between  the  glass  air  sur 
faces  of  the  lens  system,  reflections  from 
the  interior  surfaces  of  the  lens  mount, 
shutter  blades,  and  diaphragm  blades,  and 
reflections  from  the  interior  surfaces  of  the 
camera  body  and  bellows.  Although  the 
nonimage-forming  light  must  be  consid 
ered  as  part  of  the  image  which  acts  upon 
the  negative  material,  it  is  convenient  in 
the  subsequent  treatment  of  the  tone  re 
production  cycle  to  refer  to  the  camera 
image  as  distinct  from  the  fare  image. 
In  this  sense  the  camera  image  may  be 
attributed  only  to  the  light  coming  directly 
from  the  object  by  virtue  of  the  refractive 
characteristics  of  the  lens  system.  The 
flare  image  is  not  an  image  in  the  conven 
tional  sense,  since  it  conforms  to  no  geo 
metrical  pattern,  but  is  a  veil  over  the 
entire  image  plane. 

The  Camera  Image.  The  illuminance  of 
the  camera  image  bears  a  simple  and  di 
rect  relationship  to  the  luminance  of  the 
object.  This  relationship  may  be  written 
in  the  form 

I0  =  B0/f*-K,  (22.1) 

where  I0  is  the  image  illuminance,  B0  is 
the  object  luminance,  /  is  the  lens  aperture 
ratio,  and  K  is  a  constant.  This,  of  course, 
is  the  equation  for  a  straight  line  at  45° 
to  the  axes  of  the  coordinate  system. 

It  follows  that  luminance  measurements 
made  on  the  object  can  be  converted  di 
rectly  to  illuminance  values  of  the  image, 
provided  the  value  of  the  constant  K  is 
known.  Actually  in  most  cases  only  rela 
tive  values  of  illuminance  are  required  for 
tone  reproduction  studies,  and  any  con- 


venient,  arbitrary  value  can  be  assigned 
to  the  constant  K.  We  are,  therefore,  free 
to  describe  the  camera  image  in  terms  of 
the  object  itself. 

Since  it  is  not  required  that  the  flare 
curve  relationship  be  based  on  absolute 
values  of  object  luminance,  it  is  only  neces 
sary  to  know  the  ratio  of  the  maximum  to 
the  minimum  luminance.  This  ratio  is 
sometimes  referred  to  as  the  "contrast"  of 
the  object.  A  more  satisfactory  term,  how 
ever,  is  the  luminance  scale  of  the  object, 
BS0.  The  luminance  scale  of  any  object 
or  scene  is  dependent  upon  two  factors — 
the  reflectance  of  the  surfaces  which  com 
prise  the  scene,  and  the  illuminance  on 
each  of  the  scene  elements.  Except  for 
those  surfaces  which  give  rise  to  specular 
reflections,  the  most  highly  (diffusely)  re 
flecting  surfaces  reflect  about  98%  of  the 
incident  light,  while  the  densest  black 
areas  reflect  1  or  2%  of  the  incident  light. 
It  is  obvious  then,  that  the  maximum  lumi 
nance  scale  that  can  be  realized,  if  all 
surfaces  of  objects  are  illuminated  to  the 
same  extent,  is  of  the  order  of  90  or  pos 
sibly  95.  On  the  other  hand,  all  of  the 
objects  composing  a  scene  do  not  in  gen 
eral  receive  the  same  amount  of  illumina 
tion.  Certain  areas  will  receive  illumina 
tion  directly  from  the  principal  source  of 
light  while  others  may  be  shielded  from  it 
and  receive  only  such  illumination  as  may 
come,  by  reflection,  from  adjacent  areas. 
Thus,  within  all  scenes  there  are  highlights 
and  shadows.  It  is  obvious,  therefore,  that 
the  luminance  scale  of  a  scene  may  vary 
over  a  considerable  range,  depending  upon 
the  depth  of  the  shadows  and  the  reflect 
ance  of  the  surfaces  receiving  the  direct 
illumination  of  the  light  source. 

Such  measurements  of  subject  luminance 
scale  as  have  been  reported  have  been  con 
fined  largely  to  exterior  scenes.  The  most 
complete  data  are  those  published  by  .Jones 
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and  Condit.2  They  made  luminance  meas 
urements  on  about  150  exterior  scenes,  in 
cluding  a  wide  variety  of  subject  types 
over  a  period  of  more  than  a  year  to  in 
clude  all  seasonal  conditions.  In  the  scenes 
which  they  photometered,  they  found  a 
wide  variation  in  luminance  scale,  the  low 
est  being  27,  the  highest  750.  The  average 
luminance  scale  of  all  the  scenes  was  found 
to  be  160.  Experience  indicates  that  the 
luminance  scale  of  interior  scenes  will  fall 
within  the  range  measured  out-of-doors. 

The  Flare  Image.  Because  flare  light  is 
nonimage  forming  and  occurs  in  the  image 
plane  as  a  uniform  veil  of  light,  its  effect 
is  to  increase  the  illuminance  of  every 
point  of  the  camera  image  and  to  reduce 
the  contrast.  It  is  exactly  the  same  effect 
as  is  observed  in  a  motion  picture  theater 
when  extraneous  light  is  allowed  to  reach 
the  screen.  The  pronounced  degradation 
of  the  screen  image  by  light  from  the  early 
evening  sky  is  a  familiar  experience  to  all 
those  who  have  attended  outdoor  theaters. 
The  reason  for  this  is  that  the  presence  of 
flare  light  compresses  the  illuminance  scale 
of  the  image.  This  is  readily  explained  by 
a  simple,  numerical  example: 

Let  Ii  designate  the  total  image  illumi 
nance,  Iio  the  illuminance  due  to  image- 
forming  light,  and  Iif  the  image  illumi 
nance  due  to  flare  light  alone.  Then 


I,-   =   I  *  +  Iif 


(22.2) 


Assume  that  measurements  of  the  maxi 
mum  and  minimum  illuminance  of  the 
camera  image  and  the  illuminance  due  to 
the  flare  light  of  a  typical  scene  give  these 
values : 

Iio  mm  =  0.01  foot-candle 
Iio  ma*  =  1.00  foot-candle 
Iif  =  0.02  foot-candle 


2  Jones  and  Condit,  /.  Opt.  Soc.  Amer.  31,  651 
(1941). 


The  illuminance  scale  of  the  camera  image, 
IS10,  is  found  by  the  formula 

J-^io    ~    1  10  max/-*  10  min 

and  for  this  example 

ISio  =  1.0/0.01  =  100 

but  when  flare  light  is  added,  the  total 
image  illuminance  scale  becomes: 

„        1.00  +  0.02 
ISi  =  0.01  +  0.02  =  34 

Thus,  the  presence  of  flare  light  compresses 
the  illuminance  scale  from  100  to  34. 

Another  way  of  demonstrating  the  effect 
of  flare  light  is  to  compare  the  character 
istic  curve  of  the  negative  material  with 
the  density-log  B0  characteristic  of  a  par 
ticular  negative.  Curve  1  in  Fig.  22.3  is 
the  D  log  E  curve  of  a  typical  negative 
material.  This  curve,  which  was  deter 
mined  sensitometrically,  shows  the  rela 
tion  between  density  and  the  logarithm  of 
the  exposure  incident  upon  the  negative 
material,  which  in  the  camera  is  deter 
mined  by  the  total  image  illuminance,  It. 
If  there  were  no  flare  light  in  the  camera, 
the  relationship  between  negative  density. 
D$,  and  object  luminance,  B0,  would  be 
exactly  the  same  as  that  shown  in  the  D 
log  E  curve.  This,  of  course,  assumes  that 
the  exposure  time  is  constant  and  that  the 
exposure  is  therefore  proportional  to 
image  illuminance. 

At  the  top  of  Fig.  22.3  a  scale  of  relative 
values  of  log  B0  is  shown.  This  scale  is 
arbitrarily  set  to  show  values  which  are 
log  3.0  greater  than  the  corresponding  val 
ues  of  log  E  shown  at  the  bottom  of  the 
figure.  Let  us  assume  that  a  scene  is 
photographed  for  which  the  minimum  and 
maximum  luminance  has  been  found  to 
have  the  values  indicated  on  the  chart. 
These  values  represent  the  limits  of  the 
log  luminance  scale  BS0.  For  the  hypo 
thetical  case  in  which  there  is  no  flare  light 
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PIG.  22.3.     Curve  1,  density-log  exposure  characteristic  of  the  negative  mate 
rial;  curve  2,  between  points  Df  and  A'  is  the  density-log  Bo  characteristic  of  a 

particular  negative. 


in  the  camera,  the  minimum  density  of 
the  negative  will  be  that  shown  at  point  D 
on  curve  1,  corresponding  to  minimum 
image  illuminance.  The  maximum  density 
of  the  negative  will  be  that  shown  at  point 
A  on  curve  1,  corresponding  in  this  case 
to  the  maximum  image  illuminance.  Thus, 
for  the  hypothetical  flare-free  case,  the 
characteristic  of  the  negative  is  that  shown 
between  points  D  and  A  on  curve  1. 

Let  us  now  observe  how  the  addition  of 
flare  light  in  the  camera  changes  the  char 
acteristic  of  the  negative  of  the  same  scene. 
It  is  convenient  to  regard  the  presence  of 
flare  light  in  the  camera  as  equivalent  to 
the  addition  of  a  constant  increment  of  ex 
posure  to  the  exposures  of  each  element  of 
the  camera  image.  For  the  case  illustrated 
in  Fig.  22.3,  the  exposure  due  to  flare  light 
alone  is  indicated  at  Ej  on  the  log  E  axis. 
The  density  resulting  from  this  amount  of 


exposure  is  indicated  by  the  D  log  E  char 
acteristic  of  the  negative  material,  as 
shown  in  curve  1.  The  horizontal  line 
labeled  " Flare"  corresponds  to  this  den 
sity  value.  This  would  be  the  minimum 
density  of  the  negative  if  the  minimum 
luminance  of  the  scene  were  zero.  How 
ever,  this  is  not  usually  the  case  and  in 
this  example  when  the  exposure  due  to 
flare  light,  Ef,  is  added  to  the  minimum 
exposure  due  to  the  camera  image,  Eomin, 
the  exposure  indicated  at  E'  min  in  the 
figure  is  obtained.  The  density  produced 
by  exposure  Er  min  is  indicated  at  B  on  the 
characteristic  curve  of  the  negative  mate 
rial,  curve  1.  This  then  becomes  the  mini 
mum  density  of  the  negative  and,  when 
plotted  as  a  function  of  minimum  image 
luminance,  we  have  the  point  D'  as  indi 
cated  in  Fig.  22.3.  Similarly  the  maxi 
mum  density  of  the  negative,  C,  will  be 
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that  produced  by  the  combined  exposure 
E'  max,  resulting  from  flare  light  exposure, 
Efy  and  the  exposure  due  to  the  maximum 
illuminance  of  the  camera  image,  E0  max. 
Again,  plotting  this  density  as  a  function 
of  maximum  subject  luminance,  we  have 
the  point  A'.  By  selecting  other  values 
of  image  illuminance,  computing  the  ex 
posure  when  flare  light  is  added,  selecting 
the  corresponding  density  from  curve  1, 
and  plotting  this  as  a  function  of  the  cor 
responding  subject  luminance,  a  sufficient 
number  of  points  can  be  determined  to 
establish  curve  2,  which  is  the  density-log 
B0  characteristic  of  the  particular  negative 
selected  for  this  example. 

This  procedure  of  deriving  the  density- 
log  B0  characteristic  of  the  negative  can  be 
greatly  facilitated  by  the  use  of  the  curve 
shown  in  Pig.  22.4.  This  curve  is  derived 
from  the  basic  relationship  previously  dis 
cussed. 

I,  =  Iio  +  I  if 


The  log  luminance,  B0,  of  different  points 
in  the  scene,  is  plotted  against  the  log  il 
luminance,  /i,  of  the  corresponding  points 
in  the  camera  image.  If  the  image  illumi 
nance  were  exactly  proportional  to  the 
object  luminance,  the  data  in  this  graph 
would  fit  a  straight  line  having  a  slope  of 
unity.  This,  of  course,  would  occur  only  if 
there  were  no  flare  light  in  the  camera,  and 
the  relationship  would  then  take  the  form 

I,  -  Iio 

If,  however,  flare  light  is  present  in  the 
camera  and  the  illuminance  from  this 
source  is  added  to  the  illuminance  due  to 
the  camera  image,  the  data  will  conform  to 
the  curve  of  Fig.  22.4.  The  extent  to  which 
this  curve  departs  from  a  straight-line  re 
lationship  depends,  of  course,  upon  the 
relative  magnitudes  of  Iio  and  Iif.  If 
there  is  a  very  small  amount  of  flare  light 
present  in  the  camera,  the  flare  curve  will 
approach  a  straight  line.  When  the  illumi- 


FIG.  22.4.     A  typical  flare  curve  derived  from  measurements  of  Bo  mm,  Bo  max, 

and  IS*. 
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nance  due  to  flare  light  is  equal  or  greater 
in  magnitude  than  the  illuminance  in  the 
camera  image  associated  with  the  shadow 
areas  of  the  scene,  the  departure  of  the 
flare  curve  from  a  straight  line  may  be 
very  great.  In  practice,  the  amount  of 
flare  light  has  relatively  little  effect  on 
the  gradients  in  the  high-light  region.  On 
the  other  hand,  flare  light  frequently  low 
ers  the  gradient  in  the  middle  tones  to  0.7 
and  those  in  the  shadows  to  as  low  as  0.3 
of  the  gradient  in  a  flare-free  image. 

Derivation  of  the  Flare  Curve.  As 
stated  previously,  the  character  of  the  flare 
curve  depends  upon  the  relative  magni 
tudes  of  the  illuminance  due  to  flare  light 
and  that  due  to  the  camera  image.  The 
most  straightforward  method  of  deriving 
the  flare  curve  would  therefore  be  to  evalu 
ate  the  amount  of  flare  light  in  the  image 
plane  and  the  illuminance  of  the  camera 
image  itself.  Instrumental  methods  of 
measuring  the  illuminance  due  to  flare 
light  are  available,  but  they  are  not  easily 
applicable  to  practical  field  work.  The 
amount  of  flare  light  incident  on  the  focal 
plane  in  a  camera  is  dependent  not  only 
upon  the  characteristics  of  the  camera-lens 
system  but  also  upon  the  distribution  of 
luminance  within  the  scene  being  photo 
graphed  and  in  its  environment.  One 
method  which  has  been  used  successfully 
employs  a  modified  form  of  photographic 
photometry.  The  procedure  consists  es 
sentially  of  these  five  steps: 

1.  Photometric    measurements    on    the 
scene.     Values  of  maximum  object  lumi 
nance,  S0  max,  and  minimum  object  lumi 
nance,  BO  mm,  are  obtained. 

2.  Density   measurements   on   the  nega 
tive.     The  densities  of  those  areas  in  the 
negative    corresponding   to    the    areas    of 
maximum  and  minimum  luminance  in  the 
scene  are  determined. 


3.  Determination  of  image   illuminance 
scale.    From  the  characteristic  curve  of  the 
negative  material,  the  exposure  values  cor 
responding  to  the  minimum  and  maximum 
densities   of   the   negative    are    identified. 
The  illuminance  scale  of  the  camera  image, 
ISt,  which  is  defined  as  the  ratio  of  maxi 
mum  image  illuminance,  7*  max,  to  the  mini 
mum  image  illuminance,  Ii  min,  is  therefore 
equal  to  the  ratio  of  these  exposure  values. 
This  assumes,  of  course,  that  the  character 
istic  curve  of  the  negative  material  is  de 
rived  from  an  intensity  scale  exposure  in 
which  the  exposure  time  is  constant  and 
the  ratio  of  exposures  is  equivalent  to  the 
ratio    of    the    corresponding    illuminance 
values. 

4.  Determination  of  the  luminance  scale 
of  the  subject,  BS0.     The  luminance  scale 
of  the  subject  is  defined  as  the  ratio  of 
maximum    object    luminance,     B0  raaxj    to 
minimum  object  luminance,   B0  min.     This 
can  be  computed  directly  from  the  meas 
urements  of  these  quantities  in  equation 
(22.1). 

5.  The   computation   of   the   amount   of 
flare  light.     The  presence  of  flare  light  in 
the  camera  may  be  regarded  as  equivalent 
in  its  effect  upon  the  total  image  illumi 
nance  to  the  addition  of  a  constant  lumi 
nance   increment,   A5,    to    all    the   actual 
luminances  in  the  scene.     Thus, 


and 


(22.3) 
(22.4) 


In  these  equations,  K  is  the  constant  of 
proportionality.  Using  these  equations,  it 
is  possible  to  derive  an  expression  for  the 
evaluation  of  A#  in  terms  of  three  quanti 
ties  which  can  be  readily  determined  ex 
perimentally,  jBoma3C,  BS0,  and  IS*  This 
expression  takes  the  form: 


(22.5) 


-  1 
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Having  solved  for  AE,  the  flare  curve 
can  be  computed  by  the  procedure  illus 
trated  in  Fig.  22.4.  For  this  example  it  is 
assumed  that  the  following  values  have 
been  obtained  from  luminance  measure 
ments  made  on  the  scene  and  density  meas 
urements  made  on  the  negative. 

Bo  max  =  1000  foot-lamberts 
BS0      =    100 
ISi       =      30. 

By  use  of  equation   (22.5)   we  obtain 
A£  =  24.1 

On  the  log  B0  axis  of  Fig.  22.4,  the 
measured  values  of  maximum  and  mini 
mum  subject  luminance  are  indicated.  The 
value  of  total  image  illuminance,  Ii7  corre 
sponding  to  any  given  value  of  B0  is  com 
puted  and  plotted  on  the  graph  in  proper 
relationship  to  the  arbitrary  scale  of  values 
assigned  to  I*.  It  is  sufficient  for  the  pur 
poses  to  which  the  flare  curve  will  be  put 
to  express  log  Ii  on  a  relative  scale.  For 
convenience,  in  this  illustration,  the  value 
of  Ii  is  made  equal  numerically  to  the  sum 
of  B0  +  A#  (K  =  l).  The  following  is  an 
example  of  the  calculations. 


B0  min    —    10 


Ii  min  =   10  +  24.1   -   34.1 

Bo  max  =  1000 

/«m«=  1000  +  24.1  =  1024.1 

By  a  similar  procedure  a  sufficient  number 
of  points  are  calculated  from  intermediate 
values  of  B0  to  establish  the  complete  flare 
curve.  The  relationship  obtained,  there 
fore,  serves  as  a  starting  point  in  the  com 
plete  graphic  analysis  of  the  tone  repro 
duction  cycle.  The  ratio,  BS0/ISiy  is 
known  as  the  flare  factor,  FF. 

QUADRANT  II:  THE  CHARACTERISTIC  CURVE 
OF  THE  NEGATIVE  MATERIAL 

The  function  represented  in  Quadrant  II 
of  Fig.  22.2  is  the  D  log  E  curve  of  the 


negative  material.  From  the  standpoint 
of  tone  reproduction,  the  most  important 
feature  of  this  curve  is  its  shape  character 
istics.  Shape  is  identified  with  the  length 
of  the  toe  and  the  gradient  relationships  in 
this  region,  the  gradient  and  length  of  the 
straight-line  portion,  and  the  gradient  re 
lationships  in  the  shoulder.  Because  of 
the  extremely  long  exposure  scale  of  pres 
ent-day  commercial  emulsions,  it  is  only  on 
rare  occasions  that  the  scene  luminances 
are  recorded  even  partly  on  the  shoulder 
portion  of  the  negative  material.  The  por 
tions  of  the  characteristic  curve  of  most 
direct  concern  in  tone  reproduction  prob 
lems  are  the  toe  and  straight-line  regions. 
In  general,  the  shape  characteristics  of 
photographic  negative  materials  are  de 
termined  largely  by  the  way  in  which  the 
photographic  emulsion  is  made.  To  a  cer 
tain  extent,  the  shape  of  the  toe  and  to  a 
larger  extent  the  gradient  of  the  straight- 
line  portion  is  affected  by  development. 
Other  factors  which  influence  curve  shape, 
such  as  the  time  and  intensity  of  exposure 
and  the  color  of  the  exposing  light,  are  of 
secondary  importance.  In  Figs.  22.5  and 
22.6  are  shown  two  groups  of  D  log  E 
curves  representing  commercial  emulsions 
differing  widely  in  shape  characteristics. 
In  each  figure  there  are  four  curves  which 
demonstrate  the  change  in  shape  charac 
teristics  with  increasing  development  time. 
It  is  seen  that  the  change  in  shape  with 
development  is  small  in  comparison  with 
the  shape  differences  existing  between  the 
two  types  of  emulsions.  In  Fig.  22.5  the 
log  exposure  scale  interval  corresponding 
to  the  toe  region  varies  from  approxi 
mately  0.73  to  1.06,  depending  upon  the 
time  of  development,  while  for  the  mate 
rial  shown  in  Fig.  22.6,  this  interval  varies 
from  1.22  to  1.54.  The  same  type  of  effect 
can  be  observed  in  the  case  of  the  log  ex 
posure  scale  interval  covered  by  the 
straight-line  portions  of  the  curves.  The 
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FIG.  22.5.     A  group  of  characteristic  curves  having  a  short-toe  portion. 
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PIG.  22.6.    A  group  of  characteristic  curves  having  a  long-toe  portion. 


QUADRANT  II— THE  CHARACTERISTIC  CURVE 


299 


principal  effect  of  increasing  development, 
as  these  curves  illustrate,  is  to  increase 
the  gradient  throughout  the  curve. 

The  extent  to  which  differences  in  the 
shape  characteristics  of  negative  materials 
influence  the  tone  reproduction  of  the  final 
positive  depends  upon  the  portion  of  the 
D  log  E  characteristic  utilized  in  recording 
the  camera  image.  This,  of  course,  is  de 
termined  by  the  magnitude  of  the  camera 
exposure.  It  is  obvious  that  the  character 
istics  of  a  negative  which  utilizes  the  toe- 
portion  of  the  D  log  E  curve  of  the  nega 
tive  material  will  be  quite  different  than 
those  of  a  negative  which  utilizes  only  the 
straight-line  portion  of  the  characteristic 
curve  of  the  negative  material.  In  fact, 
the  camera  exposure  of  the  negative  plays 
as  important  a  part  in  determining  the 
characteristics  of  the  final  reproduction  as 
the  characteristics  of  the  negative  material 
itself. 

It  is  important  in  tone  reproduction 
studies  that  the  D  log  E  curve  which  is 
used  in  the  graphical  analysis  be  truly  re 
presentative  of  the  negative  material  which 
is  used  in  producing  the  negative.  It  is 
customary  to  develop  an  exposed  sensito- 
metric  strip  along  with  the  negative  ma 
terial  which  has  been  exposed  in  the  cam 
era.  From  the  density  measurements  made 
on  this  developed  sensitometric  strip,  the  D 
log  E  curve  is  obtained.  Certain  precau 
tions  must  be  taken  in  exposing  the  sensito 
metric  strips.  The  exposure  should  be 
modulated  in  increments  of  intensity.  The 
exposure  time  should  be  approximately  the 
same  as  that  used  in  exposing  the  negative 
material  in  the  camera.  The  spectral  qual 
ity  of  the  radiation  should  be  similar  to 
that  reflected  from  the  subject  being  photo 
graphed.  It  is  also  important  that  the 
density  measurements  made  on  the  sensito- 
metrie  strip  and  the  negative  should  eon- 
form  in  both  spectral  and  geometrical  as 
pects  to  the  characteristics  of  the  printing 


process  utilized  in  obtaining  the  final  re 
production. 

QUADRANT  III — THE  CHARACTERISTIC 
CURVE  OF  THE  POSITIVE  MATERIAL 

Positive  materials  are  manufactured  with 
the  specific  intent  that  their  characteristics 
be  such  that  prints  of  high  quality  can  be 
obtained  from  the  maximum  number  of 
different  negatives.  Particular  importance 
is  therefore  attached  to  the  shape  charac 
teristics  of  these  materials.  Since  it  is  re 
quired  that  positive  materials  fit  the  nega 
tive  rather  than  the  converse,  and  since 
negatives  vary  widely  in  gradient  and 
density,  scale,  photographic  printing  pa 
pers  are  made  in  a  number  of  different 
grades.  There  are  also  characteristic  dif 
ferences  in  the  various  types  of  papers 
which  are  available  commercially.  In  Fig. 
22.7  is  a  group  of  typical  D  log  E  curves 
showing  the  characteristics  of  the  six 
grades  of  a  commercial  printing  paper  of 
the  chloride  type.  Other  papers  of  the 
bromide  and  chlorobromide  show  similar 
characteristics  and  differ  from  the  chloride 
papers  primarily  in  the  rate  at  which  they 
develop.  Chloride  papers  develop  very 
rapidly  so  that  in  30  to  45  sec.  the  curve 
shape  has  reached  equilibrium.  Bromide 
papers  develop  somewhat  more  slowly,  and 
it  is,  therefore,  possible  to  control  the 
curve  shape  to  some  extent  by  adjustments 
in  developing  time.  The  chlorobromide 
papers  resemble  the  chloride  papers  more 
closely  than  the  bromide. 

The  maximum  densities  obtainable  on 
printing  papers  of  a  given  emulsion  type 
are  determined  largely  by  their  surface 
characteristics.  Papers  with  glossy  sur 
faces  which  have  been  ferrotyped  may 
have  maximum  densities  as  high  as  1.8, 
whereas  for  semimatte  surfaces  it  is  about 
1.55,  and  for  matte  surfaces  it  is  about  1.3. 
These  values,  of  course,  are  only  approxi- 
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FIG.  22.7.     Six  contrast  grades  of  a  commercial  chloride  printing  paper, 

glossy  surface. 


mate  and  will  vary  from  one  type  of  paper 
to  another.  The  important  thing  to  note 
in  this  connection  is  that  the  density  scale 
of  printing  papers  is  appreciably  shorter 
than  the  log  luminance  scale  of  the  major 
ity  of  scenes,  and  therefore  it  is  impossible 
in  such  cases  to  obtain  exact  objective  tone 
reproduction  with  this  printing  medium. 

Graphical  Construction  of  the  Tone  Re 
production  Curve.  Having  described  the 
functions  which  are  represented  in  Quad 
rants  I,  II,  and  III  of  the  graphical  presen 
tation  of  the  complete  tone  reproduction 
cycle,  Fig.  22.2,  it  is  now  possible  to  con 
tinue  with  a  more  detailed  description  of 
the  procedure  which  is  employed  in  con 
structing  the  resultant  tone  reproduction 
curve  shown  in  Quadrant  IV.  Although 
the  mechanical  aspects  of  the  procedure 
can  be  standardized,  the  choice  and  place 
ment  of  the  curves  in  Quadrants  I,  II,  and 
III  is  determined  solely  by  the  particular 
requirements  of  each  problem.  The  first 
step,  therefore,  is  to  analyze  the  problem, 
determine  which  of  the  variables  in  the 
reproduction  cycle  are  to  be  studied,  and 
select  from  available  data  or  from  purely 
theoretical  considerations  the  desired  rela 
tionships  for  Quadrants  I,  II,  and  III.  In 
the  majority  of  cases  it  will  be  found  that 


the  variables  to  be  studied  can  be  asso 
ciated  with  one  or  more  of  the  following 
factors  which  have  been  previously  men 
tioned  : 

The  luminance  scale  of  the  object 

Camera  flare 

Camera  exposure 

The  characteristics  of  the  negative  ma 
terial 

Printing  exposure 

The  characteristics  of  the  positive  ma 
terial 

Before  attempting  a  graphical  treatment 
of  the  tone  reproduction  cycle,  each  of 
these  factors  must  be  evaluated  and  their 
influence  on  the  characteristics  of  the  rela 
tionships  involved  be  taken  into  account. 
When  the  necessary  data  have  been  as 
sembled  and  a  plan  of  investigation  organ 
ized,  the  graphical  construction  of  the  tone 
reproduction  cycle  can  be  undertaken.  The 
procedure  can  be  best  explained  by  de 
scribing  each  step  in  the  graphical  treat 
ment  of  a  typical  tone  reproduction  prob 
lem.  In  the  discussion  which  follows, 
reference  will  be  made  to  the  four-quad 
rant  diagram  in  Fig.  22.8. 

Step  1.  Analyze  the  problem.  A  typical 
problem  may  be  stated  as  follows:  What 
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FiG.  22.8.     The  complete  tone  reproduction  cycle  involving  negative  materials 
having  short-toe  characteristics  (curve  1)  and  long-toe  characteristics  (curve  2). 


effect  has  the  toe  shape  of  the  negative 
material  on  the  reproduction  characteris 
tics  of  a  negative-positive  process,  assum 
ing  that  an  average  scene  is  photographed 
with  a  camera  having  an  average  amount 
of  flare,  that  the  camera  exposure  of  each 
of  the  negative  materials  is  the  minimum 
which  will  yield  a  negative  from  which  an 
excellent  print  can  be  obtained,  that  the 
negatives  will  be  developed  to  give  equal 
density  scale,  and  that  the  negatives  will 
be  printed  by  contact  on  to  a  photographic 
paper  of  a  suitable  grade  such  that  the 
shadow  areas  will  be  recorded  on  the  shoul 
der  portion  of  the  characteristic  curve  of 
the  positive  material  where  the  gradient  is 
equal  to  the  average  gradient  of  the  posi 
tive  characteristic  utilized? 

Step  2.  On  the  log  B0  axis  of  Quadrant 
I,  locate  points  a  and  c  corresponding  to 
the  minimum  object  luminance  and  maxi 
mum  object  luminance,  respectively.  For 


an  average  scene,  these  values,  as  reported 
by  Jones  and  Condit,3  are  14.5  and  2300, 
respectively. 

Step  3.  Construct  the  flare  curve  from 
measured  values  of  ISi  in  accordance  with 
the  procedure  previously  described.  Jones 
and  Condit  report  that  for  the  average 
scene  and  camera,  the  flare  factor  is  4, 
which  makes  ISi  for  the  average  scene 
equal  to  40.  By  the  use  of  equation  (22.5), 
AJ5  is  calculated.  For  the  average  scene 
AjB  equals  44.  A  sufficient  number  of 
values  of  7$  can  then  be  computed  accord 
ing  to  equation  (3)  to  establish  the  flare 
curve.  In  Fig.  22.8,  Quadrant  I,  three  of 
these  points  are  shown  at  af,  ~bf,  and  c/. 

Step  4.  Locate  the  characteristic  curve  of 
the  negative  material  in  Quadrant  II.  In 
this  example  it  is  required  that  the  mini 
mum  camera  exposure  be  given  which  will 
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yield  a  negative  from  which  an  excellent 
print  can  be  obtained.  Since  it  is  known 
that  this  requirement  will  be  satisfied  if 
the  darkest  element  of  the  scene  is  recorded 
at  a  point  on  the  characteristic  curve  of 
the  negative  material  where  the  gradient  is 
equal  to  three  tenths  of  the  average  gradi 
ent,  we  have  the  necessary  information  for 
locating  the  curve  in  Quadrant  II  of  Fig. 
22.8.  Through  point  af  extend  a  horizontal 
line  into  Quadrant  II.  The  curve  of  the 
negative  material  should  then  be  positioned 
in  Quadrant  II  so  that  this  line  will  inter 
sect  the  curve  at  a  point  where  the  gradi 
ent  is  equal  to  three  tenths  of  the  average 
gradient.  This  locates  point  an.  Points  ~bn 
and  cn  are  then  located  by  extending  hori 
zontal  lines  from  points  &/  and  c/  to  where 
they  intersect  the  characteristic  curve  in 
Quadrant  II. 

Step  5.  Locate  the  characteristic  curve 
of  the  positive  material  in  Quadrant  III. 
In  this  example  it  is  required  that  the 
darkest  element  of  the  scene  be  reproduced 
at  a  point  on  the  characteristic  curve  of  the 
positive  material  where  the  gradient  is 
equal  to  the  average  gradient  of  the  posi 
tive  characteristic  utilized.  It  is  also  re 
quired  that  the  proper  grade  of  paper  be 
used  in  making  the  print.  To  satisfy  the 
latter  requirement,  select  the  grade  of 
paper  for  which  the  log  exposure  scale  is 
approximately  equal  to  the  density  scale 
of  the  negative.  Locate  the  characteristic 
curve  of  this  material  in  Quadrant  III 
such  that  a  vertical  line  from  point  an  will 
intersect  the  curve  at  ap  where  the  gradient 
is  equal  to  the  average  gradient  of  the 
curve.  It  should  be  noted  that  for  this 
presentation  the  curve  is  reversed  and  in 
verted  with  respect  to  the  conventional 
form  of  presentation.  Yertical  lines 
through  points  ln  and  cn  into  Quadrant  III 
establish  points  6P  and  cp  on  the  positive 
characteristic  curve. 


Step  6.  Horizontal  lines  through  points 
bp  and  cp  into  Quadrant  IV  intersect  with 
vertical  lines  from  corresponding  points 
in  Quadrant  I.  The  intersections  of  these 
lines  determine  the  points  which  establish 
the  tone  reproduction  curve  in  Quadrant 
IV.  This  curve  affords  a  graphic  compari 
son  between  the  log  luminances  in  the  orig 
inal  scene  and  the  density  by  which  they 
are  reproduced  in  the  photographic  print. 

The  pair  of  curves  in  Quadrant  IV  show 
the  influence  of  the  toe  shape  of  the  nega 
tive  material  on  tone  reproduction  charac 
teristics.  Curve  1  is  obtained  when  the  D 
log  E  curve  of  the  negative  material  has  a 
short  toe  portion,  and  curve  2  illustrates 
the  case  when  the  toe  portion  is  long.  It 
should  be  noted  that  the  only  variable  in 
this  example  is  that  associated  with  the 
shape  characteristic  of  the  negative  mate 
rial.  Variations  in  any  of  the  other  factors 
involved  in  the  reproduction  process  will 
produce  other  changes  in  the  pattern  il 
lustrated  in  Fig.  22.8.  Within  certain 
limits  an  almost  infinite  number  of  pat 
terns  are  possible.  Some  of  these  are 
shown  by  the  pairs  of  curves  in  Fig.  22.9. 
These  curves  serve  to  illustrate  the  extent 
to  which  the  tone  reproduction  curve  is 
affected  by  extreme,  but  not  improbable, 
variations  in  certain  factors  operating  in 
dependently.  Except  for  the  reproduction 
represented  by  curve  2,  the  negative  ma 
terial  in  all  cases  is  the  same.  In  these 
examples  only  one  variable  is  altered  be 
tween  any  two  pairs  of  curves.  It  is  as 
sumed  that  all  other  factors  which  affect 
tone  reproduction  characteristics  have  been 
held  constant.  No  attempt  has  been  made 
to  compensate  for  the  effects  illustrated  by 
adjustments  in  negative  development  or 
in  printing.  In  practice  the  large  differ 
ences  shown  by  some  of  these  curves  can  be 
avoided  by  the  use  of  two  different  grades 
of  paper  rather  than  a  single  grade  in 
printing  the  negatives.  It  is  the  purpose 
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of  this  example,  however,  to  show  the  mag 
nitude  of  some  of  these  effects  when  no 
changes  in  procedure  are  employed. 

Curves  1  and  2  are  the  same  as  in  Fig. 
22.8.  Curves  3  and  4  have  been  selected 
to  show  the  difference  in  appearance  of 
the  tone  reproduction  curves  for  two  dif 
ferent  scenes,  one  of  short  luminance  scale, 
and  the  other  of  long  luminance  scale. 
Curves  5  and  6  are  intended  to  show  the 
effect  on  the  tone  reproduction  curve  of 
photographing  a  single  scene  with  two  dif 
ferent  cameras,  the  only  difference  being 
in  the  amount  of  flare  light  which  they 
introduce  into  the  camera  image.  Curve  5 
represents  the  case  of  a  nearly  flare-free 
camera,  whereas  curve  6  shows  the  results 
obtained  when  a  large  amount  of  flare  light 


is  present  in  the  camera.  It  should  be 
pointed  out  again  that  quite  different  tone 
reproduction  curves  would  result  from  a 
different  choice  of  the  negative  and  posi 
tive  materials  and  of  the  camera  and 
printing  exposures.  Although  in  this  ex 
ample  conditions  were  such  that  the  results 
obtained  with  the  flare-free  camera  more 
nearly  approach  correct  objective  tone  re 
production,  it  can  also  be  demonstrated 
that  when  conditions  are  favorable,  superior 
reproductions  can  be  obtained  with  a  large 
amount  of  flare  light  in  the  camera  image. 
Curves  7  and  8  show  the  effect  of  differ 
ences  in  camera  exposure  level  on  the 
characteristics  of  the  tone  reproduction 
curve.  Curve  7  shows  the  result  of  a  cam 
era  exposure  which  is  two  full  stops  less 
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PIG.  22.9.  Tone  reproduction  curves  illustrating  effect  of  following  variables: 
Shape  characteristic  of  negative  material,  curves  1  and  2;  luminance  scale  of 
scene,  curves  3  and  4;  camera  flare,  curves  5  and  6;  camera  exposure,  curves  7 
and  8;  contrast  grade  of  printing  paper,  curves  9  and  10;  printing  exposure, 

curves  11  and  12. 
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than  the  first  excellent  exposure.    In  curve 

8  the  camera  exposure  is  two  stops  more 
than  the  first  excellent  exposure.     Curves 

9  and  10  illustrate  the  effect  of  using  two 
widely  different  grades  of  printing  paper 
with  the  same  negative,  the  negative  in  this 
case  being  properly  exposed.     Curve  9  is 
the  reproduction  curve  for  a  print  made  on 
No.  0  grade  paper,  and  curve  10  is  the  re 
production  curve  for  a  print  made  on  No.  4 
grade  paper.     In  both  cases  the  printing 
exposure  has  been  such  as  to  give  the  best 
possible  prints  for  each  grade  of  paper. 
Curves  11  and  12  show  the  effect  of  differ 
ences  in  printing  exposure   level   on   the 
reproduction  characteristics.     In  this  case 
a  subject  of  wide  luminance  scale  has  been 
chosen  so  that  exact  objective  reproduction 
is  not  possible  throughout  the  scale.     In 
curve  11  the  printing  exposure  has  been 
adjusted  so  that  shadow  detail  is  favorably 
rendered.     In  curve  12  the  printing  expo 
sure  has  been  reduced  in  order  that  high 
light  detail  will  be  better  reproduced. 

The  pairs  of  curves  shown  in  Fig.  22.9 
represent  the  tone  reproduction  character 
istics  of  prints  which  differ  widely  in  pho 
tographic  quality.  The  next  step  in  the 
solution  of  the  tone  reproduction  problem 
is  to  find  a  method  for  using  these  curves 
to  predict  the  quality  of  the  print  which 
they  represent.  This  leads  us  into  the  sub 
jective  phase  of  tone  reproduction  studies. 

THE  SUBJECTIVE  PHASE  OF  TONE 
REPRODUCTION 

It  has  long  been  believed  that  there 
could  be  derived  from  objective  tone  re 
production  curves  certain  parameters 
which  correlate  with  the  quality  of  the 
prints  which  they  represent.  Photo 
graphic  quality  is  an  attribute  which  must 
be  appraised  subjectively;  therefore,  the 
relationships  that  exist  between  photo 
graphic  quality  and  the  parameters  of  the 
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objective  tone  reproduction  curve  are  psy- 
chophysical  in  nature.  It  is  primarily 
with  these  psychophysical  relationships 
and  with  the  characteristics  of  the  sensory 
and  perceptual  processes  of  human  visual 
experience  that  the  subjective  phase  of 
tone  reproduction  is  concerned. 

Visual  experiences  range  from  those  that 
are  very  closely  dependent  upon  specific 
sense  organ  stimulation  to  those  that  are 
the  result  of  complex  patterns  of  stimula 
tion  plus  past  experience  and  present  atti 
tude.  The  former  experiences  are  called 
sensations;  the  latter,  perceptions.  Thus, 
the  brightness  of  a  cloud  is  classified  as  a 
sensation,  whereas  reaction  to  the  whole 
object  as  a  cloud  is  classified  as  a  percep 
tion.  Sensations  are  said  to  be  elementary 
forms  of  perceptions  because  they  are  less 
complexly  dependent  upon  the  stimuli  pat 
tern.  Because  of  the  relative  simplicity 
of  psychophysical  relationships  involving 
the  purely  sensory  visual  response  phe 
nomena,  early  workers  in  the  field  of  tone 
reproduction  attempted  to  find  in  these 
relationships  a  solution  to  the  subjective 
phase  of  this  problem.  The  assumption 
was  made  that  photographic  quality  is  de 
pendent  upon  the  exactness  with  which 
the  photograph  reproduces  in  the  mind  of 
the  observer  the  sensations  of  brightness 
and  brightness  difference  which  he  re 
ceived  in  viewing  the  original  scene.  It 
is  now  evident  that  this  assumption  is  not 
valid  and  that  these  simple  visual  response 
functions  contribute  very  little  to  our 
understanding  of  the  factors  which  deter 
mine  photographic  quality.  Recent  in 
vestigations  indicate  that  the  solution  to 
this  problem  will  be  found  in  empirical 
relationships  derived  by  means  of  modern 
statistical  methods  from  experiments  in  the 
perception  of  photographic  quality.  It 
appears,  however,  that  the  simple  visual 
response  functions  may  find  application  in 
determining  the  influence  of  a  change  in 
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PIG.  22.10.     Contrast  sensitivity  curves  for  the  human   eye  for  two   different 
levels  of  sensitizing  field  luminance,  Bs. 


viewing  conditions  on  the  quality  attribute 
of  a  photograph.  For  this  reason,  it  is 
desirable  to  examine  the  character  of  these 
functions. 

Visual  response  functions  are  based  on 
the  relationship  between  the  sensation  of 
brightness  and  the  magnitude  of  the  visual 
stimulus.  The  early  work  of  Weber  *  indi 
cated  that  just  noticeable  brightness  differ 
ences  were  produced  by  a  fixed  ratio  of 
stimulus  intensities  measured  in  terms  of 
luminance.  This  was  expanded  by  Fech- 
ner  5  into  the  Weber-Fechner  Law  which 
states  that  "as  the  stimulus  grows  in  geo 
metrical  progression,  the  visual  sensation 
resulting  grows  in  arithmetic  progression. ' ' 
Subsequent  investigators  showed  that  the 
brightness-luminance  relation  does  not  fol 
low  a  logarithmic  equation  except  over  a 
short  range,  and  that  the  nature  of  the 
function  is  dependent  upon  the  adaptation 


4  Weber,  Der  Tastsinn  und  das  Gemeingefuhl, 
Wagner's  Handworterbuch  der  Psysiologie,T$Taun- 
schweig,  1846,  Sand  II,  481. 

s  Fechner,  Elements  der  Psychophysik,  Leipzig, 
1889. 


level  of  the  eye,  the  duration  of  stimu 
lus,  the  area  and  portion  of  the  retina 
stimulated,  and  the  magnitude  and  distri 
bution  of  the  simultaneous  stimulation  of 
other  retina  areas.  It  is  obvious  that 
brightness  discrimination  data,  to  be  ap 
plicable  to  tone  reproduction  studies,  must 
be  derived  from  measurements  made  under 
conditions  which  simulate  precisely  those 
which  exist  in  the  viewing  of  the  object  or 
photographic  prints.  An  effort  has  been 
made  by  a  number  of  workers  in  this  field 
to  obtain  brightness  discrimination  data 
under  a  wide  variety  of  conditions.  In 
Fig.  22.10  are  shown  curves  based  on  meas 
urements  made  by  Lowry,6  in  which  con 
trast  sensitivity,  B/&B,  is  expressed  as  a 
function  of  luminance,  B,  for  two  levels  of 
visual  adaptation.  In  this  case,  AB  is  the 
luminance  increment  which  must  be  added 
to  the  luminance,  JB,  to  produce  a  just 
noticeable  difference  in  sensation.  These 
curves  apply  to  the  specific  case  of  a  2.5° 
test  field  surrounded  by  a  large  field  of 
constant  luminance,  known  as  the  sensitiz- 


6  Lowry,  J.  Opt.  Soc.  Amer.  18,  29   (1929). 
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ing  field.  In  curve  A,  the  sensitizing  field 
luminance  is  10  foot-lamb  erts,  and  in  curve 
B,  the  sensitizing  field  luminance  is  93  foot- 
lamberts.  It  is  assumed  that  the  sensi 
tizing  field  controls  the  adaptation  level  of 
the  eye.  The  interesting  fact  brought  out 
by  these  curves  is  that  the  contrast  sensi 
tivity  of  the  eye  reaches  a  maximum  at 
approximately  the  luminance  for  which  the 
eye  is  adapted  and  declines  at  higher  and 
lower  levels  of  luminance.  The  practical 
interpretation  of  this  is  that  the  human 
observer  is  not  capable  of  detecting  certain 
luminance  differences  in  a  scene  which  can 
be  measured,  and  it  is  therefore  unneces 
sary  that  a  photograph  reproduce  such  lu 
minance  differences  if  they  cannot  be  seen 
in  the  original  subject. 

Methods  have  been  suggested  for  incor 
porating  the  contrast  sensitivity  curves  in 
the  graphical  representation  of  the  tone  re 
production  cycle.  The  objection  to  doing 
this  is  that  the  available  data  can  be  ap 
plied  strictly  only  to  a  very  limited  num 
ber  of  viewing  conditions.  The  experi 
mental  procedures  which  have  been  used 
for  obtaining  contrast  sensitivity  data  have 
few  exact  counterparts  in  normal  visual 
experience.  In  the  experimental  proce 
dure,  the  attention  of  the  observer  is  di 
rected  toward  a  photometric  field  which  is 
fixed  in  its  position  relative  to  the  sur 
rounding  areas.  In  viewing  a  scene  or 
photograph  the  observer  is  required  to  de 
tect  luminance  differences  in  a  field  com 
posed  of  a  great  variety  of  elements  differ 
ing  in  luminance.  The  observer's  attention, 
naturally  wanders  from  point  to  point 
within  the  scene.  The  extent  to  which  the 
sensitivity  of  the  retina  is  stabilized  by 
the  average  luminance  of  these  elementary 
areas  and  immediate  surroundings  is  deter 
mined  largely  by  temporal  factors.  For 
example,  detail  in  the  shaded  area  of  a 
scene  which  is  not  detected  at  first  glance 
may  be  readily  recognized  if  the  observer's 


attention  is  held  at  that  point  for  several 
moments.  Unless  there  is  something  of 
interest  to  the  observer  in  that  area  of  the 
scene,  it  is  unlikely  that  his  attention  will 
be  centered  there  except  for  a  fleeting 
moment.  He  may,  therefore,  be  unaware 
of  measurable  luminance  differences  that 
exist  in  the  scene  because  they  fail  to  con 
tribute  to  his  general  impression  of  the 
scene  as  a  whole.  This  is,  perhaps,  one 
of  the  fundamental  reasons  why  an  ob 
server  may  consider  a  photographic  print 
to  have  excellent  quality  in  spite  of  its 
failure  to  reproduce  faithfully  the  com 
plete  range  of  luminance  differences  meas 
ured  in  the  original  scene. 

There  are  other  factors  in  the  human 
visual  perceptual  processes  which  make 
the  use  of  a  standardized  visual  response 
curve  in  the  graphic  solution  of  the  subjec 
tive  phase  of  the  tone  reproduction  prob 
lem  of  questionable  value.  Those  factors, 
associated  with  the  phenomenon  of  simul 
taneous  contrast  and  brightness  constancy, 
have  been  examined  in  detail  by  Evans.7 
Evans  concluded  that  perfect  objective 
tone  reproduction  does  not  give  a  positive 
assurance  that  the  process  will  lead  to  the 
correct  appearance  in  the  resulting  print 
when  the  illuminance  of  the  scene  is  non- 
uniform.  If  a  scene  is  uniformly  illumi 
nated,  brightness  will  correlate  with  ap 
parent  reflectance.  However,  in  scenes  in 
which  part  of  an  object  is  in  direct  sun 
light  and  part  in  a  shadow  the  average 
observer  will  perceive  that  the  part  in  the 
light  and  the  part  in  the  shadow  have  the 
same  reflectance  even  though  they  differ 
in  luminance.  It  is  only  through  the 
knowledge  that  this  is  a  shadow  that  the 
observer  can  reach  this  conclusion.  It  is 
necessary,  therefore,  that  the  reproduction 
of  the  scene  be  such  that  the  observer  will 

7  Evans,  /.  Opt.  Soo.  Amer.  33,  579  (1943)  j 
34,  533  (1944). 
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be  aware  of  the  uneven  illumination  and 
not  mistakenly  interpret  the  lower  density 
of  the  region  in  the  shadow  as  a  result  of  a 
difference  in  reflectance  rather  than  of  a 
difference  in  illumination.  The  magnitude 
of  these  effects  is  governed  by  such  factors 
as  whether  the  print  is  surrounded  by  a 
light  border  or  by  a  dark  border.  There 
appears  to  be  no  successful  way  of  mini 
mizing  these  effects  by  adjustments  in  the 
reproduction  characteristics  of  the  print. 


They  are  mentioned  here  largely  because 
they  serve  to  illustrate  the  complex  nature 
of  the  subjective  phase  of  the  tone  repro 
duction  problem. 

JAMES  AND  HIGGINS,  The  Fundamentals  of 
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gan,  1960. 

LOBEL  AND  DUBOIS,  Sensitometry ,  Focal  Press, 
London  and  New  York  (1957). 

MEES,  The  Theory  of  the  Photographic  Process, 
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Chapter  23 

REPRODUCTION  OF  COLOR  /N  MONOCHROME 


The  Fundamental  Problem.  In  the  pre 
ceding  chapter  the  factors  to  be  considered 
in  accurately  reproducing  a  uniformly  il 
luminated  gray  scale  are  discussed.  We 
have  now  to  consider  the  photography  of 
multicolored  objects  in  monochrome,  e.g., 
in  terms  of  gray.  As  we  have  seen,  one  of 
the  ultimate  goals  in  the  theory  of  the 
photographic  process  is  to  state  the  re 
quirements  which  must  be  met  to  cause  the 
photographic  image  to  re-establish  in  the 
mind  of  the  observer  the  same  impression 
as  created  by  the  scene  at  the  time  it  was 
photographed.  It  is  apparent  that  in  ordi 
nary  black-and-white  photography  the 
total  visual  impression  created  by  a  multi 
colored  scene  cannot  be  re-established.  The 
final  image  consists  merely  of  a  series  of 
gray  tones  ranging  from  a  light  to  a  dark 
gray.  There  is  nothing  contained  within 
such  an  image  to  permit  the  chromatic 
qualities  of  the  scene  to  be  deduced.  The 
reproduction  depicts  the  form  and  position 
of  objects  in  the  scene  primarily  in  terms 
of  contrast  and  perspective  relationships. 
In  general,  the  more  closely  these  relation 
ships  correspond  to  those  which  existed 
in  the  scene  itself,  the  better  the  photo 
graphic  reproduction  is  said  to  be. 

In  the  present  discussion  we  shall  be 
concerned  only  with  contrast  reproduction. 
The  subject  is  extremely  complex.  In  fact, 
it  is  impossible  to  construct  a  completely 
adequate  theory  with  the  amount  of  ex 
perimental  data  currently  available.  Both 
objective  and  subjective  factors  must  be 
considered,  and  any  satisfactory  theory 
must  allow  for  complicated  as  well  as 
simple  scenes.  A  simple  scene,  such  as  a 
uniformly  illuminated  gray  scale,  exhibits 


tone  or  brightness  differences  by  virtue  of 
reflectance  differences,  i.e.,  a  gray  patch 
which  appears  lighter  than  some  other 
gray  patch  merely  reflects  more  light  to 
the  eye  than  the  darker  gray.  On  this 
basis  the  capabilities  of  the  photographic 
process  to  record  contrast  relationships  in 
terms  of  brightness  differences  becomes  in 
dependent  of  the  chromatic  sensitivity  of 
the  eye,  the  spectral  sensitivity  of  the  film 
material,  the  spectral  distribution  of  the 
illumination,  and  certain  visual  (subjec 
tive)  phenomena.  In  the  study  of  mono 
chrome  photography  of  multicolored  ob 
jects,  an  attempt  is  made  to  derive  the 
conditions  which  best  apply  in  reproducing 
in  terms  of  a  single  color  (usually  tones 
of  gray)  the  contrast  relationships  existing 
between  various  elements  of  a  complex, 
multicolored  scene.  The  scene  no  longer 
is  simplified  to  a  series  of  gray  tones,  but 
rather  involves  a  heterogeneous  distribu 
tion  of  colors.  Therefore,  the  spectral  dis 
tribution  of  the  illuminant,  the  chromatic 
sensitivity  of  the  eye,  the  spectral  sensi 
tivity  of  the  film,  the  transmittance  char 
acteristics  of  special  filters  and  certain 
complicating  subjective  factors  must  be 
considered  in  addition  to  the  principles 
discussed  in  the  previous  chapter  under 
the  theory  of  tone  reproduction. 

The  Psychological  Attributes  of  Color, 
Colors  are  perceived  in  the  mind  and,  al 
though  for  convenience  we  speak  of 
" colored  objects/'  color  per  se  is  not  a 
property  of  objects  as  such  expressions  in- 

K,  The  Visual  Mechanism  and  Pictorial 
Photography  (section  entitled  "Concern 
ing  Color  Rendering  in  Monochrome"), 
Amer.  Annual  of  Phot.  56,  1-19  (1942). 
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dicate.  Eadiant  energy  within  a  limited 
frequency  range  has  the  property  of  stimu 
lating  the  retinal  system  of  the  eye  to 
create  color  sensations  which  the  brain 
interprets.  Radiant  energy  which  has  this 
property  is  called  light,  the  physical  stimu 
lus  of  vision.  Light  can  be  measured  in 
quantitative  terms,  but  visual  sensations 
cannot  be  expressed  on  a  physical  scale. 
As  stated  by  Helmholtz,1  "physical  stimu 
lus  is  one  thing:  sensation  another.7' 
Nevertheless,  colors  can  be  defined  in  quali 
tative  terms  according  to  certain  psycho 
logical  attributes. 

The  major  attributes  which  so  define 
colors  are  hue,  brightness,  and  saturation. 
Colors  possessing  hue  are  called  chromatic 
colors,  whereas  hueless  colors  (white,  black 
and  grays)  are  called  achromatic  colors. 
Hue  is  the  attribute  of  chromatic  colors 
which  distinguishes  them  from  achromatic 
(gray)  colors  and  from  each  other,  e.g., 
blue,  green,  yellow,  etc.  Brightness  is  the 
attribute  of  colors  which  allows  them  to  be 
related  to  given  tones  of  gray  ranging  in 
a  series  from  white  to  black.2  Saturation 
is  the  attribute  of  a  chromatic  color  which 
designates  the  degree  to  which  the  color 
differs  from  a  gray  of  the  same  brightness. 
These  attributes  are  sometimes  called  hue, 
value,  and  chroma,  respectively. 


1  Helmholtz,    Physiological   Optics,   Vols.   I,   II, 
and  III,  English  translation  published  by  Optical 
Society  of  America,  1924-1925. 

2  To  avoid  confusion  the  most  recently  adopted 
terminology    of    the    Committee    on    Colorimetry 
(Optical  Society  of  America)  is  not  followed  here. 
Brightness  actually  is   the  mental  perception   of 
light  of  given  luminance,  whereas  the  term  light 
ness   refers   to   the   perception   of   light    reflected 
from  a  surface  (reflectance).     A  distinction  must 
be  made  since  two  surfaces  which  apparently  are 
of   equal   lightness    often    do   not   have   equal   re 
flectance,  and  vice  versa.     (For  discussion  on  sub 
ject   see  Colorimetry  Report,  J.   Opt.   Soc.  Amer. 
33,    544-554    (1943);    34,    183-218     (1944);    34, 
245-266    (1944);    34,   633-688    (1944);    35,    1-25 
(1945). 


Brightness  and  saturation  can  be  under 
stood  in  a  practical  sense  from  the  follow 
ing:  dark  and  light  colors  possessing  hue 
are  obviously  related  to  dark  and  light 
tones  of  gray,  respectively,  whereas  chro 
matic  colors  of  intermediate  brightness  are 
related  to  intermediate  tones  of  gray.  If 
one  conceives,  for  example,  a  very  vivid 
red  (high  saturation),  it  is  easy  to  see  that 
by  adding  either  a  small  amount  of  white 
or  a  small  amount  of  black  the  color  will 
be  changed,  becoming  lighter  in  one  case 
and  darker  in  the  next.  Moreover,  in 
both  instances  the  vividness  of  the  red  hue 
will  be  lessened  (decreased  saturation). 
Therefore,  the  addition  of  white  or  black 
to  a  chromatic  color  affects  both  the  bright 
ness  and  saturation.  However,  by  adding 
small  amounts  of  white  and  black  at  the 
same  time,  the  brightness  can  be  held  con 
stant  and  only  the  saturation  is  influenced. 
When  sufficient  amounts  of  white  and 
black  are  added,  the  hue  of  the  color  be 
comes  so  diluted  that  it  can  no  longer  be 
recognized,  and  the  color  is  then  indis 
tinguishable  from  the  gray  tone  to  which 
it  was  originally  related  in  brightness. 

Since  hue  and  saturation  are  possessed 
only  by  chromatic  colors,  a  reproduction 
of  a  multicolored  scene  in  terms  of  gray 
cannot  possibly  evoke  the  same  visual  im 
pression  as  the  scene  itself.  In  mono 
chrome  photography,  then,  the  brightness 
aspect  of  colors  is  the  only  attribute  which 
can  be  dealt  with.  Unfortunately,  numer 
ous  visual  phenomena,  and  certain  prac 
tical  considerations,  interfere  with  the  for 
mulation  of  a  straightforward  procedure 
which  would  result  in  a  theoretically  per 
fect  and  always  usable  monochrome  re 
production. 

ADRIAN,  Basis  of  Sensation,  Christophers,  Lon 
don,  1934. 

BIRRED,  The  Star?/  of  Color  from  Ancient 
Mysticism  to  Modern  Science,  The  Crim 
son  Press,  1941. 
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Spectral  Sensitivity  of  the  Human  Eye. 

The  human  eye  responds  to  radiant  energy 
which,  if  expressed  in  terms  of  wave 
lengths  in  air,  ranges  from  approximately 
380  m/A  to  760  m/*.  Its  sensitivity  is  not 
uniform  for  all  wave  lengths,  nor  does  a 
curve  representing  its  relative  response  at 
one  illumination  level  express  its  relative 
sensitivity  for  all  other  illumination  levels. 
However,  the  sensitivity  of  the  eye  is  a 
maximum  in  the  central  region  of  the  visi 
ble  spectrum  at  all  illumination  levels, 
falling  off  rather  sharply  toward  the  blue 
and  red  extremes.  But  at  high  levels  of 
illumination  the  peak  of  sensitivity — as 
well  as  the  entire  relative  sensitivity  curve 
— is  shifted  toward  the  yellow-green  in 
comparison  to  the  position  of  the  curve 
representing  the  eye  sensitivity  at  low 
levels  of  illumination  where  the  peak  is  in 
the  blue-green.  The  change  in  spectral  re 
sponse  of  the  eye,  according  to  the  rather 

BORING,  Sensation  and  Perception,  D.  Apple- 
ton-Century,  Xew  York,  1942. 

CHANDLER  AND  BARNHARD,  Bibliography  of 
Psychological  and  Experimental  Aesthetics 
from  1864-1937,  University  of  California 
Press,  Berkeley.  Contains  1737  refer 
ences,  in  eluding  numerous  references  on 
the  psychology  of  color  perception  and 
other  aspects  of  vision  (1938). 

PULTON,  HOFF  AND  PERKINS,  Bibliography  of 
Visual  Literature  from  1939-1944,  Chas. 
C  Thomas,  Pub.  (lists  3347  references  and 
gives  names  of  all  English  and  foreign 
periodicals  that  publish  articles  pertain 
ing  to  the  visual  mechanism),  1945. 

LUCKIESH,  Color  and  Colors,  D.  Van  Nostrand 
Co.,  Inc.,  Princeton,  N.  J.,  1938. 

MORGAN,  Physiological  Psychology,  McGraw- 
Hill  Book  Co.,  Inc.,  New  York,  1943. 

PARSONS,  An  Introduction  to  the  Study  of 
Color  Vision,  University  Press,  Washing 
ton,  D.  C.,  1924. 

EEPORT  OF  COMMITTEE  ON  COLORIMETRY,  J. 
Opt.  Soc.  Amer.  33,  552  (1943). 

TROLAND,  Principles  of  Psycho-Physiology, 
Yols.  1,  2,  and  3,  D.  Van  Nostrand  Co., 
Inc.,  Princeton,  New  Jersey,  1929-1930. 


well-established  duplicity  theory,  is  due  to 
two  distinct  types  of  receptor  bodies  in  the 
retina.  The  receptors  called  cones  func 
tion  primarily  at  high,  or  photopic,  illu 
mination  levels  and  are  thought  to  be  re 
sponsible  for  hue  vision.  The  receptors 
called  rods  are  responsible  for  vision  at 
low,  or  sco topic,  levels  of  illumination. 
The  rods  are  incapable  of  creating  hue  sen 
sations;  thus,  the  adage  "all  cats  are  gray 
at  night."  When  the  illumination  level  is 
about  10"1  candles  per  square  foot,  vision 
is  due  almost  entirely  to  the  cone  system. 
Below  10~4  candles  per  square  foot,  vision 
is  due  to  the  rod  system.  In  between  these 
values  there  is  a  gradual  shift  from  cone 
vision  to  rod  vision,  which  is  the  well- 
known  Purkinje  phenomenon.  The  ability 
of  the  eye  to  distinguish  hue  and  small 
brightness  differences  is  lessened  as  true 
scotopie  vision  is  approached. 

Although  in  photopic  vision  the  peak  of 
sensitivity  is  in  the  yellow-green  spectral 
region  and  the  relative  luminosity  of  the 
blue  and  red  extremes  is  considerably  less, 
it  does  not  follow  that  spectral  response  at 
the  far  ends  of  the  spectrum  is  unimpor 
tant.  It  so  happens  that  the  wave  lengths 
at  the  spectral  extremes  have  a  pronounced 
effect  on  hue  sensation.  For  example,  a 
small  addition  of  spectral  blue  light  can 
change  the  hue  of  a  color  appreciably,  al 
though  the  contribution  to  the  brightness 
of  the  color  is  not  greatly  affected. 

ABNEY,  Researches  In  Color  Vision  and  the 
Trichromatic  Theory,  Longmans,  Green 
and  Co.,  London,  1913. 

BIOLOGICAL  SYMPOSIA,  Vol.  VII,  Visual  Mecha 
nisms,  Jaques  Cattell  Press,  Lancaster, 
1942. 

BURGH,  Physiological  Optics,  Clarendon  Press, 
Oxford,  1912. 

DUKE-ELDER,  Textbook  of  Ophthalmology, 
Vols.  1,  2,  3,  and  4,  Henry  Kimpton,  Lon 
don,  1932.  Later  edition  published  in  the 
United  States  by  C.  V.  Mosby,  St.  Louis, 
1934-1941. 
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Reflectance  Characteristic  of  Colored 
Objects.  Practically  all  things  are  seen  by 
virtue  of  the  reflectance  of  light  from  the 
surfaces  of  objects  within  our  field  of  view. 
No  object  has  100%  reflecting  or  absorbing 
properties:  a  portion  of  the  incident  light 
always  is  absorbed,  and  the  remainder  re 
flected.  Some  objects  absorb — and  there 
fore  reflect — all  wave  lengths  of  light  to 
the  same  degree  and  are  known  as  non- 
selective  absorbers.  In  white  light  illumi 
nation  such  objects  appear  gray,  the  light 
ness  of  the  gray  depending  largely  upon 
the  fraction  of  the  incident  light  reflected 
from  the  surface.  Other  objects  absorb 
certain  wave  lengths  of  light  more  readily 
than  others  and  are  known  as  selective 
absorbers.  In  white  light  illumination 
such  objects  are  said  to  have  a  hue,  the 
nature  of  which  depends  largely  upon  the 
spectral  distribution  of  the  unabsorbed 
light  that  is  reflected  to  the  eye. 

The  specific  color  which  an  object  ap 
pears  to  have  is  influenced  by  the  spectral 

EMSLEY,  Visual  Optics,  Hatton  Press,  London, 
1936. 

HECHT,  The  Visibility  of  the  Spectrum,  J.  Opt. 
Soc.  Amer.  9,  2H  (1924). 
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ground,  Amer.  J.  Psych.  52,  406-412 
(1939). 
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tics,  Oxford  University  Press,  New  York, 
1937. 

VAKDEN,  Aspects  of  Color,  Amer.  Ann.  Phot. 
59,  7-18  (1945). 

WEAVER,  The  Visibility  of  Radiation  at  Low 
Intensities,  J".  Opt.  Soc.  Amer.  27,  36 
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Colour  Vision,  C.  V.  Mosby,  1947. 


distribution  of  the  illuminant,  the  nature 
of  the  surrounding  objects,  the  level  of  il 
lumination,  and  other  factors.  Therefore, 
one  cannot  predict  the  color  sensation 
which  an  object  will  arouse  without  com 
plete  specification  of  the  conditions  under 
which  the  object  will  be  viewed.  Since 
most  objects  are  viewed  under  similar  cir 
cumstances  (relatively  bright  white  light, 
etc. )  definite  color  sensations  are  associated 
with  them.  It  is  customary,  therefore,  to 
speak  of  object  colors  with  reference  to 
these  more  or  less  normal  conditions  of 
viewing. 

The  spectral  reflectance  characteristics 
of  an  object  illuminated  by  white  light 
can  be  shown  by  plotting  the  percentage 
reflectance  for  each  wave  length  through 
the  spectrum.  Luckiesh 2  published  such 
curves  for  a  variety  of  typical  pigments, 
numerous  dyes,  inks,  and  other  colorants. 
In  general,  reds,  yellow-reds,  and  yellow 
pigments  have  high  reflectance  in  the  spec 
tral  regions  characteristic  of  their  hue. 
Greens,  blue-greens,  and  blue  pigments 
have  relatively  low  reflectance. 

Obviously,  the  visual  brightness  of  an 
object  is  a  function  of  the  spectral  sensi 
tivity  of  the  eye  as  well  as  the  spectral  re 
flectance  properties  of  the  object.  By 
multiplying  the  ordinates  of  the  luminosity 
curve  by  those  of  the  spectral  reflectance 
curve  of  the  object,  a  curve  is  obtained 
which  represents  the  relative  brightness  of 
the  object  in  white  light.  Theoretically,  a 
perfect  white  light  source  is  one  which  has 
equal  spectral  distribution.  However,  few 
light  sources  encountered  in  practice  have 
equal  spectral  distribution;  therefore,  the 
visual  brightness  will  depend  upon  the 
spectral  emission  characteristics  of  the  il 
luminant.  Jones  and  Russell 3  published 


2  Luckiesh,  J.  Franklin  Inst.,  184,  73  (July 
1917). 

a  Jones,  and  Russell,  Trans.  Soc.  Not.  Pict.  Eng. 
XH,  No.  34,  p.  427  (1928). 
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FIG.  23.1.    Curves  showing  the  spectral  response  of  (A)  the  eye;   (B)   a  blue 

sensitive;  (C)  orthochromatic ;  and  (D)  panchromatic  material  to  light  with  a 

color  temperature  of  5400 °K. 


useful  data  showing  the  relative  reflectance 
characteristics  of  various  colored  surfaces 
under  different  illuminants.  Table  23.1 
lists  typical  colored  surfaces  and  gives  re 
flectance  data  for  daylight  and  tungsten 
illumination. 

Although  any  two  objects  which  are  rep 
resented  by  identical  spectral  reflectance 
curves  derived  under  the  same  conditions 
will  match  in  color,  it  does  not  follow  that 
this  is  a  requirement  for  visual  color  iden 
tities.  Objects  which  appear  identical  in 
color  may  have  quite  different  spectral  re 
flectance  characteristics.  For  example,  the 
yellow  color  seen  in  the  spectrum  as  a  re 
sult  of  a  narrow  range  of  wave  lengths  can 
be  duplicated  from  a  complex  mixture  of 
wave  lengths  consisting  of  all  wave  lengths 
in  the  spectrum  except  those  in  the  blue 
region,  or  the  color  can  be  duplicated  by  an 
additive  mixture  of  a  band  of  wave  lengths 
in  the  green  region  and  a  band  of  wave 


lengths  in  the  red  region.  Accordingly, 
the  unaided  eye  can  give  no  information 
on  the  wave-length  structure  of  the  light 
reflected  to  it  from  an  object. 

Spectral  Response  of  the  Eye  and  Typi 
cal  Photographic  Materials,  In  Fig.  23.1 
the  dotted  curve  A  represents  the  relation 
between  the  wave  length  and  photopie  vis 
ual  response  for  a  light  source  having  a 
color  temperature  of  5400°K.  (the  ac 
cepted  standard  for  mean  noon  sunlight). 
The  solid  curves  B,  C,  and  D  represent  the 
relative  spectral  sensitivity  of  a  blue  sensi 
tive,  orthochromatic,  and  panchromatic 
material,  respectively,  when  exposed  under 

BARNES,  A  Spectrophotometric  Study  of  Art 
ists'  Pigments,  Technical  Studies  in  the 
Field  of  the  Fine  Arts  7,  120-138  (1939). 
Also,  J.  Opt.  Soc.  Amer.  29,  208-214 
(1939). 

EDWARDS  AND  DUNTLET,  The  Pigments  and 
Color  of  Living  Human  Skin,  Amer.  J. 
Ant.  65,  1-33  (1939). 
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TABLE   23.1 


Surface 


Daylight     f     Tungsten 


White  Diffusing  
Red-purple  

0.80 
0.16 

0.80 
0.23 

Deep  Red 

0.14 

022 

Red  

0.21 

0.31 

Orange 

038 

0.48 

Yellow 

0.60 

0.65 

Yellow-green 

0.46 

0.42 

Saturated  Green       

0.32 

0.24 

Blue                            

0.23 

0.17 

Violet-purple  

0.14 

0.12 

the  same  type  of  light  source.  It  will  be 
observed  that,  whereas  all  three  types  of 
film  materials  show  a  maximum  response 
to  the  blue-violet  between  400  m/*  and  500 
mjK,  the  visual  response  is  a  maximum  at 
a  wave  length  of  approximately  550  m//.. 
The  shortcomings  of  blue  sensitive  and 
orthochromatic  materials  in  reproducing 
the  brightness  aspects  of  colors  to  which 
the  eye  is  sensitive  is  very  evident.  A  film 
cannot  record  in  spectral  regions  where  no 
sensitivity  exists;  therefore,  many  colors, 
which  have  a  high  visual  brightness,  are 
reproduced  as  almost  black  by  blue  sensi 
tive  and  orthochromatic  materials.  Pan 
chromatic  materials,  on  the  other  hand,  re 
spond  to  all  wave  lengths  of  the  spectrum, 
but  there  is  a  considerable  departure  in  the 
relative  spectral  response  of  such  materials 
in  comparison  to  the  visual  response.  Thus, 
the  use  of  panchromatic  materials  results 
in  an  improvement  in  the  rendering  of 
colored  objects,  but  niters  are  required  to 

JONES,  The  Photographic  Reflecting  Power  of 
Colored  Objects,  Trans.  Soc.  Mot.  Pict. 
Eng.  XI,  No.  31,  564-581  (1927). 

MURRAY  AND  SPENCER,  Colour  in  Theory  and 
Practice,  American  Photographic  Publish 
ing  Co.,  Boston,  1939. 

WRIGHT,  The  Measurement  of  Color,  Adam 
Hilger  Ltd.,  London,  1944. 

WRIGHT,  Colour,  3d.  Prog.  34,  No.  136,  681 
(1946). 


establish  a  correspondence  between  the  film 
response  and  the  visual  response. 

Effects  of  Light  Sources.  In  Fig.  23.2 
are  shown  spectral  energy  curves  repre 
senting  (A)  average  noon  sunlight  (5400° 
K.)  ;  (B)  incandescent  tungsten  illumina 
tion  (3400°K.),  and  (C)  incandescent 
tungsten  illumination  (2360°K).  It  is 
evident  from  the  comparison  of  these 
curves  that  the  spectral  energy  distribu 
tion  of  both  of  the  tungsten  sources  is 
quite  different  from  that  of  noon  sunlight, 
the  energy  output  of  tungsten  radiation 
being  lower  than  that  of  sunlight  for  the 
shorter  wave  lengths  and  relatively  greater 
for  the  longer  wave  lengths.  Since  the 
effective  distribution  of  spectral  sensitivity 
depends  upon  the  spectral  energy  charac 
teristics  of  the  light  source,  as  well  as  the 
spectral  sensitivity  response  of  the  photo- 
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FIG.  23.2.    Spectral  energy  distribution  curves 
for  (A)  noon  sunlight  (5400°K.) ;   (B)  incan 
descent  tungsten   illumination    (3400°K.)    and 
(C)    incandescent   tungsten   at   2360°K. 

JONES  AND  CRABTREE,  Panchromatic  Negative 
Film  for  Motion  Pictures,  Trans.  Soc.  Mot. 
Pict.  Eng.  X,  No.  27,  131  (1926). 

JONES,  HODGSON  AND  HTTSE,  Relative  Photo 
graphic  and  Visual  Efficiency  of  Illumi- 
nants,  Trans.  Ill  Eng.  Soc.  10,  963  (1915). 

JONES  AND  SANDVIK,  Spectral  Distribution  of 
Sensitivity  of  Photographic  Materials, 
J.  Opt.  Soc.  Amer.  12,  401  (1926). 
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FIG.  23.3.    Color  chart  photographed  on  a  panchromatic  material.    At  the  left, 
by  sunlight;  at  the  right,  by  tungsten  illumination. 


sensitive  material,  it  is  clear  that  the  use 
of  either  of  the  tungsten  resources  repre 
sented  will  result  in  sensitivity  curves 
which  are  lower  in  the  short-wave  region 
and  higher  in  the  long-wave  region  than 
those  in  Fig.  23.1. 

A  natural  consequence  of  the  alteration 
in  the  spectral  response  of  a  photographic 
material  brought  about  by  a  change  in  the 
spectral  distribution  of  energy  in  the  light 
source  used  for  exposure  is  a  difference  in 
the  relative  brightnesses  in  which  different 
colors  are  reproduced  by  the  photographic 
material.  In  Fig.  23.3  is  shown  a  repro 
duction  of  a  color  chart  photographed  on 
a  panchromatic  material,  at  the  left  by 
sunlight  and  at  the  right  by  tungsten  illu 
mination. 

A  comparison  of  the  relative  bright 
nesses  in  which  the  different  colors  of  the 
original  are  reproduced  by  the  two  light 
sources  shows  that  the  employment  of 
tungsten  illumination,  with  its  greater 
abundance  of  long-wave  radiation,  has  re 
sulted  in  yellow,  orange,  and  red  being 
reproduced  relatively  lighter,  and  violet 
and  blue  darker,  than  with  sunlight.  The 
relative  brightnesses  in  which  different 
colors  are  reproduced  depends  on  the  dis 


tribution  of  spectral  sensitivity  with  the 
particular  light  source  used  for  the  ex 
posure.  The  greater  the  effective  sensi 
tivity  in  any  particular  part  of  the 
spectrum,  the  greater  the  density  of  the 
negative  and  the  lighter  the  tone  of  gray 
in  which  the  corresponding  color  sensation 
is  represented  in  the  print. 

Orthochromatic  Reproduction.  The  so- 
called  correct  reproduction  of  color  in 
terms  of  its  brightness  characteristic  is 
termed  ortJiochromatic  reproduction.  Or 
thochromatic,  from  the  Greek  roots,  ortho 
correct  and  chroma  color,  is  used  here  in 
its  true  sense,  whereas  orthoehromatie  films 
and  plates  were  erroneously  assigned  this 
name  at  the  time  of  their  introduction  be 
cause  of  the  improved  rendering  of  color 
as  compared  with  ordinary,  blue-sensitive 
materials. 

IES  LIGHTING  HANDBOOK,  111.  Eng.  Soe.,  New 

York   (1947).     Gives  numerous  references 

on   color  nomenclature,   definitions,   visual 

phenomena,  light  sources,  etc. 
JONES,  The  Use  of  Artificial  Illuminants  in 

Motion  Picture  Studios,  Trans.  Soe.  Mot. 

Pict.  Eng.  No.  30,  74  (1921). 
Jor  AND  DOWNES,  Characteristics  of  Flame 

Arcs  for  Studio  Lighting,  Trans.  Soc.  Mot. 

Pict.  Eng.  XH,  No.  34,  502   (1928). 
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PIG.  23.4.    Absorption  curve  of  a  light  yellow  filter. 
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For  orthocliromatic  reproduction,  the  ef 
fective  distribution  of  photographic  sensi 
tivity  should  correspond  with  the  visual 
luminosity  curve.  Filters  are  required  to 
reduce  the  relative  blue  and  red  response. 
Such  filters  are  greenish  in  color  but,  if  a 
perfect  matching  of  the  luminosity  curve 
is  achieved,  the  niters  become  too  dense  for 
most  practical  purposes.  Therefore,  ortho- 
chromatic  correction  filters  are  generally 
much  lighter  than  theoretically  required. 
Van  Kreveld  4  arrived  at  results  that  are 
contrary  to  those  which  state  that  green 
filters  are  necessary  for  orthochromatic 
correction.  He  calculated  by  means  of  the 
addition  law  the  improvement  in  color 
rendering  by  various  correction  filters  and 
found  that  pale  orange  filters  (hypotheti- 
cally)  should  yield  the  best  possible  color 
rendering.  In  this  work  he  defined  the 
characteristics  of  correction  filters  by  three 
improvement  factors  which  indicated  the 
improvement  in  rendering  green,  yellow, 
and  red.  These  factors  are  said  to  be 
nearly  independent  of  the  color  sensitivity 
of  the  emulsion,  and  led  him  to  the  conclu- 


^  Van    Kreveld,    J.    Opt.    Soc.    Amer.    36,    412 
(1946). 


sion  that  greenish  correction  filters  are  not 
generally  useful. 

Since  the  relative  brightnesses  in  which 
colors  are  reproduced  by  a  photographic 
material  depend  upon  its  effective  distribu 
tion  of  sensitivity,  it  is  evident  that  the 
change  in  spectral  sensitivity  characteris 
tics  brought  about  by  the  use  of  a  filter  is 
accompanied  by  a  similar  change  in  the  re 
production  of  color.  The  filter  in  Fig. 
23.4,  for  example*',  absorbs  violet  and  blue 
and  transmits  green,  orange,  and  red. 
Thus,  the  exposure  for  violet  and  blue  is 
reduced  so  that  these  colors  are  rendered 
darker,  whereas  green,  orange,  and  red  are 
rendered  lighter  in  comparison.  In  other 
words,  a  filter  causes  colors  of  those  wave 
lengths  which  it  absorbs  to  be  rendered 
darker,  while  those  in  its  transmitting 
band  are  rendered  relatively  lighter. 

In  Fig.  23.5A,  A  is  the  color  brilliance 
curve  and  B  the  spectral  sensitivity  curve 
for  a  particular  panchromatic  material  to 
sunlight.  In  23.5B,  C  is  the  curve  obtained 
by  dividing  the  ordinates  of  curve  A  at 
each  wave  length  by  those  of  curve  B  and 
represents  the  transmission  of  the  filter 
required  to  produce  orthochromatie  re 
production  under  these  conditions.  The 
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FIG.  23.5A.     (A)    Color  brilliance  curve;    (B)    spectral  sensitivity  curve  of 

panchromatic  material. 
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FIG.  23.5B.    C  is  the  transmission  curve  of  the  filter  required  for  orthochromatic 
reproduction  with  the  emulsion  represented  by  Curve  B  in  Pig.  23.5A. 
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transmission  values  may  be  converted  to 
density  by  the  usual  formula  D  —  log  I/T 
to  obtain  the  density  characteristics  of  the 
required  filter  (curve  A). 

As  shown  by  Arens  and  Eggert,5  it  is 
desirable  for  interpreting  the  orthochro- 
matic  response  of  panchromatic  films  to 
express  the  wave-length  sensitivity  on  the 
basis  of  a  luminosity  spectrum  rather  than 
on  an  equal  energy  or  other  spectrum,  such 
as  daylight  or  tungsten  light.  On  this 
basis,  a  film  whose  sensitivity  matched  the 
luminosity  curve  would  produce  uniform 
density  for  all  wave  lengths  if  the  exposure 
was  made  on  the  straight-line  portion  of 
the  film  material  and  the  gamma  wave 
length  effects  could  be  disregarded.  In 
practice,  this  would  mean  that  all  colors  of 
equal  brightness  would  be  reproduced  with 
the  same  density.  Also,  when  spectral  sen 
sitivity  is  expressed  in  this  manner  and 
there  is  a  correspondence  between  the  film 
sensitivity  and  the  luminosity  curve,  ortho- 
chromatic  reproduction  is  assured  for  all 
types  of  illumination  since  the  brightness 
of  colors  changes  under  different  light 
sources.  However,  if  a  photograph  is  to  be 
made  under  one  light  source,  for  example, 
3200  °K.  tungsten,  so  that  the  reproduction 
will  appear  as  though  it  were  made  under 
daylight,  then  a  special  compensating  filter 
is  required.  In  general,  it  is  customary  to 
reproduce  colors  in  monochrome  in  keep 
ing  with  their  brightness  characteristics  in 
sunlight.  Therefore,  in  practice  lighter 
filters  are  used  in  orthochromatic  photog 
raphy  with  incandescent  tungsten  illumi 
nation  than  in  sunlight. 

Van  Kreveld6  also  considered  it  unde 
sirable  from  a  practical  standpoint  to  ex 
press  the  color  sensitivity  of  recording 
materials  on  an  absolute  sensitivity  distri 


bution  basis.  He  felt  that  it  should  be 
expressed  in  comparison  with  the  color 
sensitivity  of  the  eye  since  Bouma 7  had 
shown  that  the  addition  law  holds  for  the 
color  sensitivity  of  the  eye.  He  divided  the 
spectrum  of  average  daylight  into  four 
parts :  I  =  3500A-4800A ;  II  =  4800-1- 
5400.1;  III  =  54004-60004;  IV  =  6000.1- 
8000.1.  For  each  part  the  eye  sensitivity 
is  determined  and  expressed  as  Oi,  On, 
GUI,  and  OIY  and  the  film  sensitivity  as 
Si,  Su,  Sin,  and  8IV. 

o  r\ 

Green  sensitivity    =  G  =  -^~    X  -$- 

Uu        £>i 

\r  n  -j.-     -x  17          $111   \s  ®l 

i  ellow  sensitivity  =  Y  =  -~ —  X  -?r 

(/in        or 

cr  r\ 

Red  sensitivity       =  R  =  -^ —  X  -?r 

(/iv        &i 

The  ideal  film  sensitivity  is  reached  when 
G,  Y,  and  R  are  equal  to  one ;  i.e.,  the  eye 
and  film  sensitivity  are  equal.  If  G,  Y,  or 
R  is  less  than  one,  the  sensitivity  of  the 
film  is  too  low  for  that  particular  color,  or 
too  high  if  G,  Y,  or  R  exceeds  one.  How 
ever,  no  film  material  has  been  sensitized 
to  meet  the  ideal  requirement  without  sup 
plementary  filter. 


s  Arens  and  Eggert,  Veroffentlichungen  des  wiss. 
zentral-lab.  der  phot.  Abteilung  Agfa,  Band  I,  p. 
25,  1930. 

e  Van  Kreveld,  Brit.  J.  Phot.  72,  388  (1935). 


7  Bouma,  Proc.  Kon.  Akedemie  38,  p.  35  (1935). 
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1904). 
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Instead  of  using  a  single  filter  for  ortho- 
chromatic  photography,  it  has  been  recom 
mended  to  make  three  exposures  in  succes 
sion  through  a  suitable  set  of  tri-color 
separation  filters.  This  procedure  was  first 
proposed  by  Lippmann  (1889).  L.  P. 
Clere 8  states  that  brightness  values  of 
color  can  be  perfectly  reproduced  if  ex 
posures  are  made  through  the  Wratten  49, 
58,  and  25  filters  using  an  exposure 
through  each  filter  that  is  one  third  that 
necessary  to  obtain  a  fully  exposed  image 
when  using  any  one  filter  alone.  This  is 
a  misconception,  however,  since  blue  and 
red  colors,  especially  blue,  are  rendered 
too  light  and  green  colors  too  dark.  The 
recommendation  has  been  made,  neverthe 
less,  to  use  two  thirds  the  total  exposure 
through  the  green  separation  filter  and  one 
third  through  the  red  separation  filter  to 
obtain  true  orthochromatic  rendering.9 
This  procedure  is  possible  because  the 
green  filter  transmits  somewhat  in  the  blue 
spectral  region  where  all  films  have  rela 
tively  high  sensitivity.  A  variation  of 
previously  proposed  multifilter  exposure 
methods  is  that  of  Rawling  10  who  recom- 

s  Clere,  La  Technique  Photo  graphique,  4th  Ed., 
1947. 

9  Photography  of  Colored  Objects,  Eastman  Ko 
dak  Co.,  13th  Ed.,  1935. 

10 Rawling,  Phot.  J,  74,   295    (1934). 

MEES,  The  Photography  of  Colored  Objects, 
Tennant  and  Ward,  1909.  Subsequent  edi 
tions  published  by  Eastman  Kodak  Co. 

ORTHOCHROMATIC  PHOTOGRAPHY,  The  Practical 
Photographer^  American  Library  Series, 
No.  17  (1905). 

SCHOENFELDT,  Photographic  Filters  and  How 
to  Use  Them;  An  Analysis  of  Color  and 
Color  Values  in  Photography,  VerHalen 
Publishing  Co.,  Hollywood,  1927. 

SCHIEL,  Tonwertrichtige  Photographic;  das 
Arbeiten  mit  orthochromatischen  Platten 
und  Filmen,  Photokino,  Photofreund 
Biicherei,  bd.  20,  Berlin,  1931. 

WILDUNG,  "Panchromatic  Photography,"  The 
Photo-Miniature  17,  No.  203  (December 
1930). 


mended  a  partial  exposure  through  a  nor 
mal  orthochromatic  type  filter,  followed  by 
another  exposure  through  an  appropriate 
contrast  filter. 

Using  Filters  for  Color  Selection.  Since 
the  visual  contrast  of  a  multicolored  scene 
consists  of  hue  contrast  and  saturation  con 
trast  in  addition  to  brightness  contrast,  a 
monochrome  image  is  not  satisfactory  in 
showing  tone  separation  of  those  colors 
which  are  equal  in  brightness  contrast  but 
which  differ  in  either  hue  or  saturation 
contrast.  The  brightness  contrast  often  is 
of  less  significance  than  the  contrast  cre 
ated  from  hue  and  saturation  differences. 
Therefore,  in  practice  it  is  necessary  to 
deviate  from  ideal  orthochromatic  repro 
duction  conditions  in  order  to  obtain  tone 
separation  in  the  monochrome  image.  For 
example,  the  visual  contrast  between  a 
light  red  apple  and  a  cluster  of  green 
leaves  is  very  marked,  although  the  bright 
ness  difference  is  small.  When  photo 
graphed  on  a  panchromatic  material  with 
a  theoretically  perfect  orthochromatic  fil 
ter,  the  contrast  between  the  red  and  green 
objects  in  the  monochrome  reproduction  is 
negligible  and  the  two  are  not  properly 
differentiated.  In  such  instances  filters 
other  than  orthochromatic  filters  are  neces 
sary,  or  it  may  be  possible  to  obtain  the 
desired  tone  separation  by  use  of  a  pan 
chromatic  material  without  any  filter. 
Nevertheless,  where  filters  are  required  the 
particular  type  to  be  used  is  largely  a 
matter  of  judgment  because  the  tone  sepa 
ration  can  be  obtained  by  reproducing 
either  of  the  two-colored  objects  lighter  or 
darker  than  the  other.  In  the  example 
above,  if  a  yellow-red  filter  is  used  the 
red  apple  will  reproduce  in  the  print  in 
a  lighter  tone  than  the  green  leaves, 
whereas  a  greenish  filter  will  reverse  the 
tone  differentiation.  Whichever  color  is 
to  be  reproduced  lighter  in  the  mono 
chrome  reproduction  determines  the  filter 
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to  be  used,  because  a  filter  of  that  color 
has  a  relatively  higher  transmittance  for 
the  wave  lengths  reflected  from  the  object. 
As  a  general  rule,  the  warm  colors,  such 
as  yellow,  yellow-green,  orange,  and  red, 
should  be  rendered  lighter  than  the  cool 
colors,  such  as  violet,  blue,  and  blue-green. 
This  follows  from  the  fact  that  the  warm 
colors  usually  have  a  higher  brightness 
characteristic  than  the  cool  colors. 

The  Application  of  Color  Charts.  Al 
though  authorities  disagree  concerning  the 
merits  of  color  charts  for  use  in  evaluating 
the  color  sensitivity  or  color  reproduction 
properties  of  film  materials,  they  have  been 
used  widely  for  this  purpose.  Sheppard 
and  Mees,11  for  example,  agreed  that  the 
large  amounts  of  white  light  reflected  from 
colored  pigments  used  for  color  charts 
simulated  conditions  in  practice,  but  stated 
that  the  white  light  obscured  the  thing 
being  measured.  On  the  other  hand,  Arens 
and  Eggert 12  were  of  the  opinion  that  in 
attempting  to  evaluate  the  color  reproduc 
tion  characteristics  of  recording  materials 
on  the  basis  of  response  curves  derived 
from  exposures  to  saturated  spectral  colors 
one  is  often  misled.  This  is  due  to  the  fact 
that  colored  objects  encountered  in  prac 
tice  are  of  much  lower  saturation  than 
spectral  colors.  For  this  reason,  they  rec 
ommended  the  use  of  color  charts.  Ideally, 
such  charts  consist  of  bands  of  various 
colors  (blue,  green,  yellow,  red,  etc.)  of 
equal  saturation  alongside  of  which  is 
placed  a  gray  scale  with  one  step  in  each 
scale  equal  in  brightness  to  the  color  with 
which  it  is  associated.  If  a  film  records 
in  a  truly  orthochromatic  manner,  the 
color  bands  will  reproduce  in  a  density 
corresponding  to  the  density  in  each  of 
the  gray  scales  where  the  luminosities  of 


the  particular  color  and  gray  patch  are 
equal. 

H.  W.  Vogel,  in  the  first  edition  of  his 
handbook  on  photography,  showed  a  color 
scale  consisting  of  16  colored  squares  and 
noted  the  unsatisfactory  monochromatic 
reproductions  with  the  recording  materials 
then  available.  Von  Hiibi  made  extensive 
experiments  with  color  charts,  and  a  table 
made  available  by  him  (1906)  made  up  of 
four  colors  of  equal  saturation  was  widely 
used  by  photographers.  However,  it  was 
not  until  the  introduction  of  the  Agfacolor 
chart  and  the  Lagorio  color  chart  around 
1930  that  color  bands  were  associated  with 
calibrated  gray  scales.  As  pointed  out  by 
Davies  and  Selwyn,13  one  must  be  very 
careful  in  interpreting  the  results  obtained 
by  use  of  color  charts.  Using  the  Lagorio 
color  chart  they  showed  that  the  average 
ordinate  of  the  color  reproduction  curve  is 
constant  irrespective  of  the  illuminant 
used  or  the  color  sensitivity  of  the  photo 
graphic  material  provided  that  the  total 
light  reflected  from  all  the  colored  strips 
is  equal  in  spectral  quality  to  that  reflected 
from  the  gray  strips  and  provided  also 
that  gamma  wave-length  effects  can  be  ig 
nored.  Eesults  obtained  by  use  of  color 
charts  have  led  to  widely  divergent  views 
as  to  the  best  combination  of  film  type 
and  illuminant  for  most  ideal  orthochro 
matic  reproduction.  Olbers  and  Yogi 14 
concluded,  for  example,  that,  although 
there  was  considerable  departure  from  cor 
rect  tone  reproduction,  pictures  made  even 
under  sodium  or  mercury  vapor  lamps 
gave  satisfactory  rendering  with  both 


11  Sheppard    and    Mees,    Investigations    on    the 
Theory  of  the  Photographic  Process,  1907. 

12  Ibid. 


is  Davies  and  Selwyn,  Phot.  J.  78,  122   (1938). 
i*  Olbers  and  Vogl,  Phot.  Korr.  79,  97   (1943). 

EASTMAN    KODAK    COMPANY,    Wratten    Light 

Filters,  17th  Ed.,  1945. 
LAGORIO,  Phot.  Industrie  28,  629  (1930). 
LAGORIO,  Phot.  Korr.  67,  9   (1931). 
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orthochromatic  and  panchromatic  films. 
Their  conclusions,  based  on  tests  made 
with  a  Lagorio  color  chart,  are  contrary 
to  those  of  many  other  investigators. 

If  color  charts  serve  no  other  purpose, 
they  certainly  indicate  that  the  subject  of 
orthochromatic  reproduction  is  more  com 
plex  than  often  considered.  The  values  ob 
tained,  even  with  a  given  film  and  given 
light  source,  vary  appreciably  when  the 
extent  of  exposure  or  the  degree  of  devel 
opment  varies.  Therefore,  one  must  not  be 
too  quick  to  draw  general  conclusions  since 
too  many  factors,  such  as  shape  of  the  D 
log  E  curve,  reciprocity  law  failure,  gamma 
wave-length  factors,  etc.,  come  into  play. 

Viewing  Filters.  It  is  difficult  to  de 
termine  visually  how  a  multicolored  scene 
will  appear  in  a  final  black-and-white  pho 
tograph.  As  an  aid  in  evaluating  how 
various  colored  objects  will  reproduce  in 
relation  to  each  other  it  has  been  proposed 
to  use  special  viewing  filters.  Blue  or 
violet  glass  was  used  for  this  purpose  be 
fore  dye  sensitized  materials  were  avail 
able  in  order  to  limit  the  visual  response 
to  the  spectral  regions  to  which  the  ordi 
nary  materials  then  in  use  were  sensitive. 
With  dye  sensitized  emulsions  a  different 
filter  is  required  (theoretically)  for  every 
different  type  of  material.  Renwick 15  laid 
the  foundations  for  constructing  such  fil 
ters  and  stated  that  the  viewing  filter 
should  be  complementary  in  color  to  the 
correction  filter  required  to  produce  true 
brightness  rendering  with  a  given  record 
ing  material.  For  example,  he  assumed 
that  for  true  monochromatic  reproduction 
with  a  panchromatic  emulsion  of  uniform 
spectral  sensitivity  a  greenish  correction 
filter  would  be  necessary.  The  viewing 
filter,  therefore,  would  be  complementary 
in  color  to  green,  namely,  a  blue-red 
(purple)  color.  Such  viewing  filters  re 


main  in  use  and  are  often  recommended 
especially  where  it  is  considered  desirable 
to  distort  the  monochrome  reproduction  by 
use  of  additional  filters  as  a  means  for 
showing  tone  separation  between  colored 
objects  of  equal  brightness.16  The  most 
suitable  filter  to  use  is  determined  by  trial 
and  error  by  combining  various  filters  in 
turn  with  the  viewing  filter  until  the  de 
sired  visual  appearance  of  the  scene  is 
obtained. 

A  more  generally  applicable  viewing 
filter  is  the  type  which  transmits  only  in  a 
narrow  region  of  the  spectrum,  e.g.,  the 
Wratten  No.  90  Monochromatic  Viewing 
Filter.  Such  filters  are  yellow  in  color, 
transmitting  principally  in  the  visible 
spectrum  from  about  550  m^  to  590  m/^. 
There  is  another  transmittance  band  in  the 
deep  red  where  the  visual  response  is  very 
low.  In  viewing  a  scene  with  this  type  of 
filter,  it  is  possible  to  distinguish  a  red  and 
a  green,  but  the  hue  and  saturation  differ 
ences  are  so  subdued  that  lightness  judg 
ment  is  not  appreciably  influenced.  These 
filters  can  be  used  also  for  estimating  what 
camera  filters  are  necessary  to  distort  the 
reproduction  for  better  tone  separation  of 
colors  of  similar  brightness. 

Subjective  Factors.  As  previously 
stated,  in  constructing  an  ideal  theory  of 
perfect  tone  reproduction  it  is  customary 
to  consider  only  the  objective  phases  and, 
for  purposes  of  simplification,  the  factors 
involved  are  dealt  with  on  the  basis  of  re 
producing  a  uniformly  illuminated  series 
of  gray  tones.  Such  ideal  conditions  do 
not  comply  with  conditions  met  in  prac 
tice.  Relatively  minor  deviations  from  the 
simplified  case  can  cause  the  theory  to  be 
entirely  inapplicable  without  even  intro 
ducing  further  complexities  arising  from 


is  Renwick,  Phot.  J.  59,  158  (1919). 


is  Meyer,  Problems  of  Controlling  Correct  Pho 
tographic  Reproduction,  Part  IY,  Agfa  Motion 
Picture  Topics,  June-July  (1937). 


SUBJECTIVE  FACTORS 


321 


hue  and  saturation  effects.  For  example,  a 
white  block  against  a  dark  background 
(Fig.  23.6)  when  lighted  from  one  side 
contains  areas  which,  apart  from  their 
shape,  differ  only  in  brightness.  However, 
the  object  is  seen  in  brightness  differences 


FIG.  23.6. 

due  to  differences  of  illuminance  and  not 
because  of  differences  in  reflectance,  as  in 
the  case  of  a  uniformly  illuminated  gray 
scale.  Under  such  a  condition,  the  visual 
phenomenon  known  as  approximate  bright 
ness  constancy  prevents  a  direct  relation 
ship  from  existing  between  luminance  and 
brightness  perception.  As  stated  by  Bir- 
ren,17  a  gray  hen  in  open  sunlight  looks 
gray,  whereas  a  white  hen  in  the  shadow 
of  the  barn  looks  white;  yet  the  gray  hen 
may  reflect  considerably  more  light  to  the 
observer  than  the  white  hen. 

In  general  photography,  scenes  are  not 
illuminated  uniformly,  although  the  repro 
duction  is  viewed  in  uniform  illumination. 
Because  of  brightness  constancy  we  tend 
to  evaluate  the  brightness  of  objects  within 
a  scene  as  though  the  objects  were  uni 
formly  illuminated.18  This  causes  dark 
objects  to  appear  relatively  lighter  than 
they  would  appear  if  our  visual  response 
was  dependent  entirely  upon  the  relative 
quantity  of  light  received  by  the  eye.  Hel- 


17  Faber  Birren,  Monument  to  Color,  p.  11. 
is  Evans  and  Klute,  /.  Opt.  Soc.  Amer.  34,  533 
(1944). 


son  19  has  shown  that  dark  objects  may  re 
flect  as  much  as  1600  times  the  light  re 
flected  by  light  objects  and  still  appear  to 
the  eye  as  though  they  were  darker  than 
the  light  objects  which  reflect  much  less 
light.  However,  a  photograph  of  two  ob 
jects  so  illuminated  would  reproduce  in 
terms  of  the  physical  quantities  of  light. 

In  addition  to  brightness  constancy, 
there  is  a  phenomenon  known  as  chroma- 
ticity  constancy  which  further  complicates 
the  devising  of  a  straightforward  theory  of 
monochrome  reproduction  of  multicolored 
objects.  Chromaticity  applies  to  the  total 
chromatic  qualities  of  colors  and  is  a  term 
which  combines  the  hue  and  saturation  at 
tributes  of  colors.  It  is  a  matter  of  com 
mon  experience  that  the  green  appearance 
of  grass  does  not  change  during  the  course 
of  a  day  even  though  the  light  from  the 
sun  may  vary  considerably  in  intensity 
and  color  temperature.  Many  other  colors 
for  which  we  have  strong  associations — 
e.g.,  " flesh  color" — give  rise  to  almost 
identical  visual  perceptions  even  under 
such  widely  different  light  sources  as  tung 
sten  and  daylight.  However,  photographic 
recording  materials  do  not  possess  similar 
compensating  mechanisms  which  under 
normal  conditions  cause  our  world  of  color 
to  appear  "generally  the  same.  Constancy 
effects  are  not  operative  except  under  nor 
mal  illumination  levels.  If  colored  objects 
are  viewed  under  widely  different  levels 
of  illumination,  various  colors  within  the 
scene  may  appear  brighter  than  others  at 
one  level  of  illumination  and  darker  than 
others  at  a  different  level  of  illumination. 
For  example,  red  and  yellow  colors  appear 
brightest  at  high  illuminations  and  blues 
and  greens  are  brightest  under  low  illumi 
nations.  A  red  and  blue  object  viewed 
under  average  bright  daylight  illumination 
might  appear  equally  bright,  but  when 


19  Helson,  H.,  J.  Opt.  Soc.  Amer.  33,  555  (1943). 
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viewed  first  under  a  very  low  level  of  il 
lumination  and  next  under  a  very  high 
level  of  illumination,  the  blue  and  then 
the  red  will  appear  lighter,  respectively. 
This  variation  is  due  to  the  Purkinje  phe 
nomenon.  The  effect  is  more,  or  less,  pro 
nounced  according  to  the  particular  colors 
under  observation. 

Color  contrast  effects  introduce  further 
difficulties  in  monochrome  photography. 
These  effects  cause,  for  example,  a  dark 
color  next  to  a  light  color  to  appear  rela 
tively  darker  and  the  light  color  relatively 
lighter  than  they  would  if  viewed  sepa 
rately.  Moreover,  the  hue  appearance  of  a 
color  is  influenced  by  the  hue  of  any  ob 
ject  surrounding  it  and  causes  its  hue  to 
shift  as  though  the  complement  of  the  sur 
rounding  hue  were  impressed  upon  it. 
The  effect  is  mutual  for  contiguous  colors 
and  varies  according  to  the  relative  size 
of  the  color  areas.  The  overall  phenome 
non  is  known  as  simultaneous  contrast. 

Still  another  phenomenon,  known  as  suc 
cessive  contrast,  which  contributes  to  the 
visual  appearance  of  multicolored  scenes 
but  which  does  not  enter  into  the  photo 
graphic  reproduction  process  must  be  con 
sidered.  This  phenomenon  concerns  the 
effects  which  arise  when  the  eye  passes 
from  one  colored  object  to  another.  Upon 
viewing  one  color  the  sensitivity  of  the  eye 


is  reduced  for  that  color  according  to  the 
brightness  and  saturation  of  the  color  and 
the  length  of  time  during  which  it  is 
viewed.  When  the  eye  shifts  its  focus  to 
a  different  color  there  is  a  tendency  for 
the  complementary  color  of  the  first  color 
to  be  impressed  upon  the  second. 
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Chapter  24 

THE  M1CROSTRUCTURE  OF  THE  DEVELOPED  IMAGE 


The  Structure  of  the  Photographic  Im 
age.  The  developed  image  consists  of 
masses  of  metallic  silver.  To  the  unaided 
eye  these  minute  masses,  usually  called 
"grains,"  appear  to  form  a  continuous  de 
posit,  as  shown  at  (1)  in  Fig.  24.1.  How 
ever,  inhomogeneity  arising  from  the  dis 
crete  nature  of  the  silver  deposit  becomes 
apparent  at  a  relatively  low  magnification, 
as  the  photographer  finds  to  his  dismay 
when  making  enlargements.  This  inhomo 
geneity  becomes  more  marked  at  increasing 
magnifications,  as  shown  in  the  photo 
micrographs  (2),  (3),  and  (4).  At  about 
2500X,  the  individual  grains  are  resolved. 
Except  when  special  developers  are  used, 
these  grains  do  not  have  the  same  size  or 
shape  as  the  crystals  of  silver  halide  from 
which  they  were  formed,  and  indeed  the 
electron  microscope  at  a  magnification  of 
25, 000 X  shows  that  the  grains  have  a  fila 
mentary  structure  as  shown  at  (5),  the 
nature  of  this  structure  varying  with  the 
developing  agent. 

Speaking  broadly,  the  developed  image 
penetrates  the  emulsion  layer  more  deeply 
as  the  exposure  and  the  development  are 
prolonged.  This  is  shown  by  Fig.  24.2, 
where  exposure  increases  from  left  to  right 
and  development  increases  downward. 
The  material  selected  for  illustration  is  a 
single-coated  film  of  moderately  large 
grain ;  most  modern  films  are  double  coated 
to  increase  their  latitude  and  are  finer 
grained. 

The  inhomogeneous  nature  of  the  photo 
graphic  emulsion  has  two  effects,  broadly 
speaking.  The  first  is  that,  during  ex 
posure,  the  silver  halide  grains  diffuse  the 


image-forming  light  away  from  its  direct 
path  by  reflection,  refraction,  diffraction, 
and  scattering;  and,  after  development, 
the  metallic  silver  grains  do  the  same 
thing.  The  second  is  that  the  discrete 
character  of  the  developed  image  both  sets 
an  upper  limit  to  the  degree  of  enlarge 
ment  that  can  be  satisfactorily  attained 
in  making  the  positive  and  also  makes  the 
boundaries  of  the  developed  image  irregu 
lar.  These  two  general  classes  of  phe 
nomena  are  most  conveniently  treated 
separately. 

Halation.  A  phenomenon  that  must  be 
guarded  against  if  studies  of  image  struc 
ture  are  to  be  meaningful  is  halation.1-2 
When  image-forming  light  passes  through 
the  film  and  into  the  air  beyond,  some  of 
it  is  reflected  back  into  the  emulsion,  and, 
because  of  light  diffusion,  this  light  spreads 
sidewise  beyond  the  boundaries  of  the 
image  and  thus  reduces  the  sharpness  of 
the  latter.  If  a  small,  strong  source  of 
light  is  in  the  field,  an  especially  large  pro 
portion  of  light  is  reflected  at  the  critical 
angle  (where  the  emergent  ray  makes  an 
angle  of  90°  to  the  normal)  and  thus  the 
image  of  the  point  is  surrounded  by  a 
circle  or  halo — whence  the  name  of  the 
phenomenon. 

Halation  is  comparatively  small  when 
the  thickness  of  the  emulsion  is  so  great 
that  the  emulsion  absorbs  most  of  the 
image-forming  light  or  when  it  diffuses 


1  Mees,    The    Optical    Mechanism    of    Halation, 
Brit.  J.  Phot.  65,  237   (1918). 

2  Kiister,   Eine   objektive   Methode  znr  Bestim- 
mtmg  des  Keflexionslichthofes,  Phot.  Korr.  71,  65, 
73    (1935). 
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this  light  so  much  that  little  passes  entirely 
through  the  film.  Halation  is  prevented 
by  coating  the  back  side  of  the  base  with 
a  layer  of  gelatin  that  contains  a  dye  for 
absorbing  the  light  to  which  the  emulsion 
is  sensitive.  This  dye  is  of  such  a  nature 
that  the  processing  solutions  bleach  it  or 
wash  it  away.  A  plate  or  an.  unbacked  film 
can  be  backed  by  the  user  with  a  water- 
soluble  coating  containing  lampblack  or  an 
absorbing  dye.  Suitable  formulas  will  be 
found  in  photographic  handbooks.  Where 
a  backing  is  not  desirable,  as  in  motion 
picture  films,  a  gray  material  is  incorpo 
rated  into  the  film  base.  The  printing  ex 
posure  must  of  course  be  increased,  but 
this  presents  no  problem. 

Films  are  often  coated  with  two  emul 
sions  of  different  speeds  to  lengthen  the 
straight  portion  of  the  characteristic  curve. 
By  placing  the  slower  emulsion  nearer  the 
base,  halation  is  reduced  because  the  re 
flected  light  must  traverse  the  slow  layer 
before  entering  the  fast  layer  again.  The 
various  methods  of  eliminating  halation 
are  so  effective  that  halation  is  rarely  a 
problem  except  in  unusual  scenes  and  will 
be  disregarded  hereafter. 


FIG.  24.1.  The  photographic  image  at  five  de 
grees  of  magnification:  (1)  original  size;  (2) 
X25;  (3)  X250;  (4)  X  2,500;  (5)  X  25,000. 


PIG.  24.2.  Cross  sections  of  developed  images 
in  a  moderately  coarse-grained  single-coated 
emulsion.  Each  image  is  designated  by  (a) 
relative  exposure,  increasing  from  left  to  right, 
and  (b)  development  time  in  minutes,  increas 
ing  downwards. 
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FIG.  24.3.     Photomicrograph   of  mierodensitometer  track  along  uniformly  ex 
posed  and  developed  photographic  image.     The  resulting  trace  showing  density 
variations  is  superposed  on  the  track. 


Granularity.  The  study  of  image  struc 
ture  has  been  greatly  facilitated  by  im 
provements  in  electronic  equipment  that 
have  led  to  the  development  of  apparatus 
for  measuring  accurately  the  transmit- 
tanee  of  a  spot  in  the  image  only  a  few 
microns  in  area.  Such  an  instrument  is 
known  as  a  microphotometer  or,  if  it  is 
arranged  so  that  its  response  is  logarith 
mic,  a  microdensitometer.3  The  photomi 
crograph  in  Fig.  24.3  represents  the  track 
of  the  aperture  of  a  microdensitometer  as 
the  aperture  moves  over  the  image,  and 
the  trace  representing  the  density  as  meas 
ured  at  each  point  is  superposed  on  the 
track  for  comparison.  This  trace  is  a 
measure  of  the  inhomogeneity  or  the  gran 
ularity  of  the  emulsion,  and  it  is  obviously 
determined  by  the  mean  size,  the  disper 
sion  in  size,  and  the  spacing  of  the  devel 
oped  grains  and  grain  clumps. 

It  is  easy  to  see  that  the  aperture  exerts 
an  averaging  effect  so  that  the  deflections 
diminish  in  amplitude  as  the  aperture  in 
creases  in  size.  Suppose  that  the  magni 
tude  AD  of  each  deflection  from  the  mean 
value  of  density  D  is  measured  and  the 
number  N  having  each  magnitude4  is 


s  Altaian  and  Stultz,  Microdensitometer  for 
Photographic  Eesearch,  Eev.  Sci.  Instr.  27,  1033 
(1956) ;  A  Microdensitometer  for  Keflecting 
Samples,  Phot.  Sci.  Tech.  (2)  4,  10  (1957). 

4  A  little  consideration  will  show  that  no  two 
deflections  would  be  likely  to  have  exactly  the 
same  magnitude  if  they  could  be  measured  with 
an  infinite  degree  of  precision.  In  practice  the 


plotted  against  AD.  The  resulting  curve 
would  have  the  shape  of  a  bell  with  its 
peak  at  AD  =  0.  If  the  granularity  sample 
was  perfectly  uniform,  clean,  and  so  large 
that  making  it  larger  (i.e.,  increasing  the 
number  of  measurements  of  AD)  would 
not  affect  the  result,  the  curve  could  be 
very  closely  approximated  by  the  normal 
or  Gaussian  distribution  function 


(24.1) 
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where   N0  =  2JV    is    the   total   number   of 
deflections. 

The  only  parameter  in  this  equation  is 
the  standard  deviation  or  dispersion  <r, 
and  two  curves  with  different  values  of 
o-  are  shown  in  Fig.  24.4.  This  quantity 
o-  is  the  value  of  AD  for  the  inflection 
points  of  the  curve,  and  68%  of  the  values 
lie  between  —  a  and  +  or.  The  significance 
of  o-  is  shown  by  Fig.  24.5,  where  the  upper 
trace  is  for  a  very  slow,  fine-grained  spee- 
troseopic  plate  and  the  lower  trace  is  for 
a  fast  spectroscopic  plate.  The  deflections 
are  more  uniform  in  size  in  the  upper 
trace,  corresponding  to  curve  B  in  Fig. 


deflections  would  be  grouped  into  size  classes. 
Thus,  if  density  could  be  measured  to  the  nearest 
0.001,  one  size  class  might  run  from.  0.120  to 
0.124,  the  next  higher  from  0,125  to  0.129,  etc. 
Then  equation  (24.1)  would  contain  the  additional 
factor  0.005  representing  the  spread  of  the  size 
class  to  give  the  proportionate  number  in  the 
size  class  of  spread  0.005  represented  by  each 
value  of  &D. 
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FIG.  24.4.  Two  normal  distribution  curves 
showing  the  number  of  density  deviations  2V 
as  a  function  of  the  magnitude  D  of  each  devi 
ation.  The  mean  density  D0  is  the  same  for 
both  curves,  but  the  standard  deviation  &A  of 
curve  A  is  greater  than  &B  of  curve  B. 

24.4,  and  o-  is  therefore  small.  The  de 
flections  in  the  lower  trace  vary  widely  in 
magnitude,  corresponding  to  curve  A,  and 
therefore  a  is  large.  It  seems  reasonable  to 
conclude,  therefore,  that  or  may  be  taken 
as  a  measure  of  granularity  for  a  given 
density  of  sample  and  size  of  scanning 
aperture.  This  is  convenient  because  it 
can  be  shown  mathematically  that  or  is 
proportional  to  the  root-mean-square 5  of 
the  deflections,  and  this  is  a  comparatively 
simple  quantity  to  measure  with  electronic 
equipment. 

Graininess.  Although  granularity,  as 
indicated  by  the  microdensitometer  trace 
or  evaluated  in  terms  of  the  deflections  of 
such  a  trace,  is  important  in  some  applica- 


FIG.  24.5.    Microdensitometer    traces    of    (A) 

slow,  fine-grained  and  (B)  fast,  coarser-grained 

spectroscopie  plates. 


s  The  root-rnean-square  of  the  deflections  within 
a  given  length  of  trace  is  the  square  root  of  the 
sum  of  the  squares  of  the  individual  deflections. 


tions  of  photography,  as  in  spectrography, 
most  photographs  are  intended  to  be 
viewed  by  a  human  observer,  and  granu 
larity  in  itself  is  therefore  of  importance 
only  insofar  as  it  produces  a  sensation  of 
graininess  in  the  mind  of  the  observer. 
A  practical  way  of  evaluating  graininess 
is  to  make  a  series  of  enlargements  from 
the  negatives  in  question  and  determine 
the  maximum  enlargement  for  which  the 
inhomogeneity  caused  by  granularity  is 
just  perceptible.  Instead  of  making  a 
series  of  enlargements,  it  is,  of  course,  pos 
sible  to  make  enlargements  at  a  compara 
tively  high  but  constant  value  of  magni 
fication  and  determine  the  viewing  dis 
tance,  which  may  be  called  the  blending 
distance,  at  which  graininess  becomes  just 
perceptible. 

The  difficulty  with  these  procedures  is 
that  all  the  tones,  from  the  lightest  high 
light  to  the  deepest  shadow,  must  be 
matched  in  all  the  enlargements,  and  if  the 
characteristic  curves  of  the  negative  mate 
rials  differ  in  the  shape  of  their  toes,  this 
is  difficult  if  not  impossible.  Even  slight 
differences  in  the  general  level  of  density 
may  lead  to  erroneous  conclusions  as  to 
what  the  graininess  would  be  if  the  prints 
were  exactly  matched,  and  this  is  impor 
tant  in  research ;  but  if  two  negative  mate 
rials  have  graininess  characteristics  that 
are  so  similar,  the  practical  importance  of 
any  such  difference  between  them  is  ques 
tionable. 

Since  a  photographer  is  usually  inter 
ested  in  knowing  the  maximum  enlarge 
ment  that  he  can  make  from  his  negatives 
without  having  obtrusive  graininess,  this 
method  of  using  matched  enlargements  to 
compare  their  blending  magnifications  or 
their  blending  distances  is  quite  suitable. 
If  enlargements  are  made  at  such  a  high 
magnification  that  graininess  is  extremely 
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PIG.  24.6.     Graininess    (in  terms  of  reciprocal  of  blending  magnification 
curves  of  three  common  35mm  films.     The  speeds  diminish  from  film  A  to  film 


pronounced,  recent  studies6  have  shown 
that  the  comparative  graininess  of  diverse 
materials  may  vary  greatly  with  magnifi 
cation,  but  of  course  this  circumstance  is 
of  little  importance  to  the  practical  photog 
rapher  because  he  is  not  going  to  push  his 
magnification  much  beyond  the  limits  set 
by  the  threshold  of  graininess  for  the  dis 
tance  at  which  he  expects  his  enlargement 
to  be  viewed. 

The  most  direct  way  of  evaluating  the 
graininess  of  a  negative  is  to  project  an 
enlarged  image  of  a  uniformly  exposed 
and  developed  sample  on  a  screen  and  to 
increase  the  magnification  until  an  ob 
server  at  a  fixed  distance  just  detects 
graininess.7  To  obtain  reliable  and  repro- 


6  Stultz  and  Zweig,  Relation  Between  Graininess 
and     Granularity    for    Black-and-  White    Samples 
with    Nonuniform    Granularity    Spectra,    J.    Opt. 
Soc.  Amer.  49,  693   (1959). 

7  Jones  and  Higgins,  Photographic  Granularity 
and  Graininess.     V.  A  Variable-Magnification  In 
strument  for  Measuring  Graininess,  /.  Opt.  Soc. 
Amer.  41,  41    (1951) ;   VI.   Performance   Charac- 


ducible  results,  the  conditions  of  observa 
tion  must  be  maintained  rigorously  con 
stant.  Among  these  conditions  are  the  size 
of  the  test  field,  its  luminance  when  no 
sample  is  in  place,  the  luminance  of  the 
visual  field  surrounding  the  test  field,  and 
the  viewing  distance.  It  is  customary  to 
evaluate  the  graininess  of  the  steps  of  a 
sensitometric  strip  as  1000  divided  by  the 
blending  magnification  and  to  plot  these 
values  against  density,  as  shown  in  Fig. 
24.6.  The  graininess  increases  rapidly  in 
the  region  of  low  density  as  more  and  more 
grains  are  formed,  and  it  diminishes  slowly 
from  its  maximum  as  the  increasing  den 
sity  causes  the  luminance  of  the  test  field 
to  dimmish.  The  density  for  which  graini 
ness  is  usually  specified  is  0.8,  although 
its  maximum  is  in  the  region  of  0.3  to  0.5. 

The  apparatus  for  carrying  out  this  pro 
cedure  requires  a  large  amount  of  space, 
and  the  observations,  like  all  visual  ob- 


t eristics  of  the  Variable-Magnification  Instrument, 
ibid.,  64. 
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servations,  are  lengthy  and  fatiguing. 
Many  attempts  have  therefore  been  made 
to  devise  apparatus  for  measuring  granu 
larity  in  terms  that  will  correlate  with 
graininess  as  measured  visually,  and  within 
recent  years  it  has  become  possible  to  do 
so.  To  see  how  the  apparatus  works,  we 
may  regard  the  retina  of  the  eye  as  being 
made  up  of  discrete  sensing  units,  each 
corresponding  to  the  scanning  aperture  of 
a  microdeiisitometer.  These  units  may 
consist  of  single  cones  or,  as  several  ex 
periments  now  indicate,  of  groups  of  cones. 
In  viewing  the  sample  or  its  image  on  a 
screen,  the  observer  essentially  forms  an 
image  of  the  sample  on  his  retina  and 
scans  it  by  means  of  these  retinal  units. 
At  a  low  magnification ,  there  will  be  im 
ages  of  about  as  many  grains  on  one  retinal 
unit  as  on  another,  and  therefore  the  il 
lumination  of  the  retinal  units  will  be 
practically  uniform.  But  the  distribution 
of  the  grains  and  grain  clumps  is  not 
uniform  nor  are  their  sizes,  so,  as  the 
magnification  is  increased,  a  larger  pro 
portion  of  some  of  the  retinal  units  than 
of  others  will  be  covered  by  images  of  the 
opaque  grains  and  therefore  the  illumina 
tion  on  the  units  will  vary  from  unit  to 
unit.  When  the  average  difference  in  illu 
mination  between  one  unit  and  another 
exceeds  a  certain  threshold  value,  a  sensa 
tion  of  graininess  is  evoked,  and  this  value 
corresponds  to  the  critical  or  blending 
magnification.  The  criterion  of  graininess 
can  therefore  be  expressed  in  objective 
terms  as  the  ratio  of  the  size  of  the  retinal 
units  to  the  magnification  that  will  pro 
duce  a  certain  minimum  average  value  of 
illumination  difference  between  the  retinal 
units. 

It  had  long  been  believed  from  these 
considerations  that  the  standard  deviation 
<r  should  indicate  the  graininess  of  devel 
oped  images  when  evaluated  by  the  blend- 
ing-magnification  method,  and  there  were 


convincing  theoretical  reasons  8  for  believ 
ing  that  the  graininess  of  a  sample  de 
veloped  to  a  given  uniform  density  should 
be  indicated  by  the  granularity  measure 

G  =  d-<r  (24.2) 

regardless  of  the  diameter  d  of  the  scan 
ning  aperture  with  which  o-  is  measured. 
Nevertheless,  experiment9  indicated  that 
G  was  not  a  constant  as  d  was  varied  and 
in  particular  that  G  usually  increased  for 
large  values  of  d.  Then  the  mathemati 
cians  10  showed  on  statistical  grounds  that 
G  should  be  a  constant  measure  of  graini 
ness  provided  that  the  sample  was  per 
fectly  clean  and  that  it  had  no  macroscopic 
variations  in  density  (density  wedging) 
from  one  side  to  the  other.  As  a  result  of 
very  careful  experiments  with  improved 
equipment,11  it  has  been  found  that  G  is 
indeed  a  constant  that  indicates  visual 
graininess,  and  this  method  of  measuring 
graininess  is  now  used  routinely. 

The  values  thus  obtained  for  negative 
materials,  of  course,  give  no  idea  of  the 
relative  graininess  of  prints  because  the 
sensitometric  relations  in  the  printing 
process  and  the  characteristics  of  the  posi 
tive  material  have  not  been  taken  into 
account.  Nevertheless,  if  the  negative 
material  is  developed  to  the  proper  average 
gradient  between  two  suitably  selected 
points  on  the  characteristic  curve  and  the 


s  Selwyn,  A  Theory  of  Graininess,  Phot.  J.  75, 
571  (1935);  82,  208  (1942). 

s  Jones  and  Higgins,  Photographic  Granularity 
and  Graininess.  II.  The  Effects  of  Variations  in 
Instrumental  and  Analytical  Techniques,  J.  Opt. 
Soc.  Amer.  36,  203  (1946)  gives  typical  results. 
See  also  Mees,  The  Theory  of  the  Photographic 
Process,  Jtev.  Ed.,  The  Macmillan  Co.,  New  York, 
1954,  Fig.  361. 

loZweig,  Autocorrelation  and  Granularity. 
Part  II.  Results  on  Flashed  Black-and- White 
Emulsions,  /.  Opt.  Soc.  Amer.  46,  812  (1956). 

11  Higgins  and  Stultz,  Experimental  Study  of 
rms  Granularity  as  a  Function  of  Scanning-Spot 
Size,  J.  Opt.  Soc.  Amer.  49,  925  (1959). 
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graininess  is  determined  for  an  exposure 
at  a  suitable  distance  along  the  D  log  E 
curve  beyond  the  speed  point  (Chapter 
20),  this  value  of  graininess  will  indicate  12 
the  relative  extent  to  which  the  negative 
materials  in  question  can  be  enlarged  in 
printing  without  graininess  becoming  un 
pleasantly  obtrusive. 

The  graininess  of  a  print  is  almost  al 
ways  determined  by  the  characteristics  of 
the  negative,  and  the  graininess  of  the 
negative  is  primarily  determined  by  the 
nature  of  the  emulsion.  Broadly  speaking, 
high-speed  emulsions  have  a  tendency  to 
be  grainier  than  emulsions  of  lower  speed, 
but  within  the  past  decade  or  two,  methods 
have  been  found  for  increasing  emulsion 
sensitivity  without  a  concomitant  increase 
in  grain  size.  The  fastest  black-and-white 
amateur  roll  film  today  is  some  four  times 
as  fast  as  the  first  panchromatic  emulsion 
that  was  made  available  to  the  snapshooter, 
but  its  graininess  is  slightly  lower. 

It  is  true  that  fine-grain  developers  are 
favorable  with  respect  to  graininess,  but 
although  such  developers  hold  down  the 
size  of  the  developed  grains,  usually  by 
dissolving  a  portion  of  them,  such  devel 
opers  are  obviously  incapable  of  increasing 
the  number  of  developed  grains  to  com 
pensate  and  therefore  they  produce  a  loss 
of  speed.  They  are  usually  less  effective 
on  fine-grained  emulsions  than  on  coarse 
grained  ones,  and  they  are  rarely  of  ad 
vantage  for  the  latter  because  the  use  of 
an  emulsion  of  lower  inherent  graininess 
is  usually  preferable.  Moreover,  some  fine- 
grain  developers  reduce  the  sharpness  of 
the  image.  This  effect  varies  widely  with 
both  emulsion  and  developer  and  is  ab 
sent  for  some  developers. 

When  enlargements  are  made,  the  gran- 


is  Jones  et  al.,  Photographic  Granularity  and 
Graininess.  IX.  Techniques  and  Equipment  for 
the  Objective  Measurement  of  Graininess,  J.  Opt. 
Soc.  Amer.  47,  312  (1957). 


ularity  of  the  negative  is  less  pronounced 
if  the  illumination  is  diffuse  than  it  is  if 
the  illumination  is  specular.  The  diffusion 
of  the  illuminating  beam  makes  the  image 
of  the  granular  pattern  in  the  negative 
less  pronounced  on  the  print,  but  at  the 
same  time  it  has  the  disadvantage  of  re 
ducing  the  sharpness  with  which  the  de 
tails  are  recorded. 

The  Spread  Function.  Passing  from 
the  inhomogeneity  of  a  uniformly  exposed 
and  developed  emulsion  to  the  recording 
of  details  by  the  emulsion,  it  is  logical  to 
start  with  the  recording  of  the  image  of  a 
bright  point  having  a  negligible  diameter. 

Point 


Line 


o 


FIG.  24.7.    Method  of  forming   (with  a  lens) 

and   scanning  a  point  spread   function    (top) 

and  a  line  spread  function   (bottom). 
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Since  a  photographic  system  usually  con 
sists  of  a  lens  and  an  emulsion  layer,  it  is 
also  logical  to  begin  with  the  lens,  espe 
cially  since  the  same  concepts  apply  to 
both  the  lens  and  the  emulsion  and  they 
are  easier  to  understand  in  connection  with 
the  lens.13 

When  an  infinitesimally  small,  bright 
point  is  imaged  by  a  lens,  the  image  covers 
a  finite  area  and  its  illumination  diminishes 
from  its  center  to  its  edge  somewhat  as 
indicated  at  the  top  of  Pig.  24.7.  If  the 
lens  has  no  appreciable  amount  of  aberra 
tion,  this  light  distribution  or  spread  func 
tion  is  determined  by  the  diffraction  of 
light  waves  and  consists  of  a  disk  of  light 
surrounded  by  faint  rings.  This  phenome 
non  was  described  in  Chapter  4.  If  a  lens 
is  afflicted  with  aberrations,  the  image  may 
have  almost  any  form,  and  three  such 
images  are  shown  in  Fig.  24.8. 

The  light  distribution  in  these  images 
could  be  determined  experimentally  by 
scanning  them  with  a  microphotometer 
fitted  with  an  extremely  small  pinhole  for 
a  scanning  aperture,  as  shown  in  Fig.  24.7. 
Inasmuch  as  it  would  be  extremely  difficult 
to  pass  the  pinhole  through  the  exact  cen 
ter  of  the  image  and  because  only  an  ex 
tremely  small  amount  of  energy  would 
enter  the  pinhole,  it  is  customary  to  make 
the  scanning  aperture  in  the  form  of  a 


€> 


FIG.  24.8.  Three  lens  spread  functions.  These 
are  images  of  a  pinhole  at  various  places  in 
the  field  of  a  certain  lens.  The  image  at  the 
left  is  on  the  axis  and  the  one  at  the  right 
is  at  the  extreme  edge  of  the  field. 


13  Lamberts,  Higgins,  and  Wolfe,  Measurement 
and  Analysis  of  the  Distribution  of  Energy  in 
Optical  Images,  J.  Opt.  Soc.  Amer.  48,  487  (1958). 


slit.  Such  a  slit  integrates  the  light  in  one 
direction  (the  ^/-direction  in  the  figure), 
and  therefore  the  source  can  also  have  the 
shape  of  a  line  as  shown  in  the  lower  por 
tion  of  the  figure  with  a  tremendous  in 
crease  in  the  amount  of  energy  available 
for  measurement.  The  light  distribution 
thus  measured  is  called  the  line  spread 
function  in  contradistinction  to  the  point 
spread  function  formed  when  the  light 
source  is  a  point  and  the  scanning  aperture 
is  a  pinhole. 

Figure  24.8  shows  that  the  shape  of  a 
line  spread  function  usually  depends  upon 
the  orientation  of  the  source  and  the  slit. 
It  is  customary  to  make  two  determina 
tions  at  each  point  investigated,  one  with 
the  source  lying  in  a  line  that,  extended, 
would  pass  through  the  optical  axis  and 
the  other  in  an  orientation  perpendicular 
to  this. 

"When  a  small  point  or  narrow  line  of 
light  falls  on  a  photographic  emulsion,  the 
light  is  diffused  sidewise  by  the  silver 
halide  grains  so  that  its  distribution  within 
the  emulsion  can  be  represented  by  a 
spread  function  as  just  described  for  a 
lens.  In  this  case,  however,  the  spread 
function  is  always  symmetrical  because  the 
grains  diffuse  equally  in  all  directions. 
Such  functions  for  two  widely  different 
types  of  emulsions  are  shown  in  Fig.  24.9. 
The  law  of  light  attenuation  with  distance 
from  the  point  of  incidence  varies  with 
the  type  of  emulsion,  but  it  often  has  ap 
proximately  the  shape  of  an  exponential 
function,  which  means  that  the  amount  of 
flux  steadily  diminishes  with  distance  in 
an  approximately  logarithmic  manner  (ex 
cept  perhaps  at  the  peak,  which  is  uncer 
tain  anyway).  Lens  spread  functions,  on 
the  other  hand,  may  have  an  infinite  vari 
ety  of  forms. 

If  the  spread  functions  of  the  individual 
elements  of  a  system,  such  as  a  camera 
lens  and  a  photographic  emulsion,  are 
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FIG.  24.9.     Spread  functions  of  two  films  hav 
ing  widely  different  characteristics. 

known  individually,  their  combined  spread 
function  can  be  determined  by  a  process 
known  mathematically  as  convolution. 
This  process,  however,  although  admirably 
adapted  to  high-speed  electronic  comput 
ers,  is  time-consuming  otherwise,  and  a 
somewhat  different  procedure  that  gives 
almost  as  much  information  is  often  used 
instead. 

Sine-Wave  Response.  Figure  24.10a 
represents  a  test  object  consisting  of  a 
series  of  parallel  bars  in  which  the  trans- 
mittanee  varies  sinusoidally  and  the  width 
of  the  bars  diminishes  (or  the  spatial  fre 
quency  increases)  from  left  to  right. 
When  this  is  photographed  on  a  film  at 
a  reduced  scale,  the  resulting  developed 
image  appears  as  shown  at  (b)  on  exami 
nation  under  a  microscope.  Then,  when 
this  image  is  scanned  with  a  microdensi- 
tometer,  the  trace  shown  at  (c),  in  which 
the  deflections  are  proportional  to  the 
density  of  the  image,  is  produced. 

Because  of  diffraction  and  aberrations 
in  the  lens  and  light  diffusion  within  the 
emulsion,  the  density  differences  repre 
sented  by  the  microdensitometer  deflec 
tions  diminish,  in  general,  as  the  spatial 
frequency  increases.  The  response  of  the 
lens  can  be  determined  by  scanning  the 


aerial  image  of  the  sinusoidal  test  object 
formed  by  it.  When  the  response  of  the 
lens  and  emulsion  together,  measured  by 
the  antilogarithm  of  the  deflections  of  Fig. 
24.10c,  is  divided  by  the  response  of  the 
lens  alone,  frequency  by  frequency,  the 
curve  shown  at  (d)  results.  This  is  the 
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FIG.  24.10.  (a)  Sinusoidal  test  object  of 
graded  spatial  frequency  having  three  bars  of 
each  frequency;  (b)  photomicrograph  of  mi- 
eroseopie  image  of  (a) ;  (c)  microdensitometer 
trace  of  (b) ;  (d)  sine-wave  response  of  emul 
sion  deduced  from  (c).  The  abscissa  scale  of 
the  response  curve  corresponds  to  the  fre 
quency  scale  of  the  test  object  and  is  not  linear 
or  logarithmic,  as  is  usual. 
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response  curve  of  the  emulsion  itself.14 
It  exceeds  100  %  for  low  frequencies  be 
cause  of  adjacency  effects,  which  are 
treated  in  the  last  section  of  this  chapter. 
Since  the  transmittance  of  the  original  test 
object  was  sinusoidal,  this  curve  represents 
the  sine-wave  response  of  the  emulsion.15 
The  procedure  is  quite  analogous  to  testing 
a  phonograph  by  playing  a  record  bearing 
pure  sine  waves  of  graded  frequency  and 
measuring  the  speaker  output  with  a 
meter. 

The  importance  of  the  sine-wave  re 
sponse  is  that,  as  long  as  the  elements  of 
the  system  are  linear  (i.e.,  their  outputs 
are  directly  proportional  to  their  inputs), 
the  response  of  the  system  can  be  deter 
mined  by  simply  multiplying  the  original 
individual  curves  together,  ordinate  by  or- 
dinate.  If,  for  example,  the  response 
curve  of  a  camera  lens  is  known,  the  re 
sponse  characteristics  of  a  negative  pro 
duced  with  that  lens  on  the  emulsion  of 
Fig.  24.10  could  be  determined  by  simply 
multiplying  curve  (d)  by  the  correspond 
ing  curve  of  the  lens. 

The  sine-wave  response  is  known  mathe 
matically  as  the  Fourier  transform  of  the 
spread  function  and  can  be  computed  from 
the  spread  function,  although  the  proce 
dure  is  only  practical  with  electronic  com 
puters.  The  response  curves  correspond 
ing  to  the  spread  functions  of  Fig.  24.9 
are  shown  in  Fig.  24.11.  Note  that  a 
narrow  neck  of  the  spread  function  (mi- 


100 


14  Lamberts,  Measurement  of  Sine-Wave  Ke- 
sponse  of  a  Photographic  Emulsion,.  /.  Opt.  Soc. 
Amer.  49,  425  (1959). 

is  This  concept  has  many  names,  such  as  con 
trast  transfer  function,  contrast  transmission 
function,  etc.  A  recommendation  of  a  committee 
of  the  International  Commission  for  Optics,  made 
while  this  book  was  being  prepared  for  the  press, 
is  that  the  term  modulation  transfer  function  be 
adopted  universally.  See  J.  Opt.  Soc.  Amer.  51, 
1441  (1961)  or  Phot.  Sci.  Eng.  5,  282,  387 
(1961). 
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FIG.  24.11.  Sine-wave  response  curves  corre 
sponding  to  the  spread  functions  of  Pig.  24.9. 
The  hump  in  the  curve  for  the  high-speed  film 
arises  from  adjacency  effects,  which  enhance 
the  density  difference  over  what  the  exposure 
alone  would  produce. 

crofilm  emulsion)  corresponds  to  a  high 
and  trailing  tail  of  the  response  curve. 

If  the  spread  function  is  symmetrical, 
the  sine-wave  response  alone  is  completely 
equivalent  to  it.  If,  however,  the  spread 
function  is  unsymmetrical,  the  sine-wave 
response  must  be  supplemented  by  another 
curve  showing  the  variation  in  another 
quantity  <j>  that  may  be  interpreted  as  a 
phase  difference  between  the  object  and 
the  image.16  The  spread  function  can  be 
determined  from  the  sine-wave  response 
because  it  is  the  Fourier  transform  of  the 
latter,  although  the  phase  (the  parameter 
4>)  must  be  introduced  whenever  it  differs 
from  zero. 

In  strictness,  sine-wave  responses  can  be 
combined  by  simple  multiplication  only 
when  the  elements  of  the  system  that  they 
represent  are  linear.  Nevertheless,  it  is 


is  Lamberts,  Eelationship  between  the  Sine- 
Wave  Response  and  the  Distribution  of  Energy 
in  the  Optical  Image  of  a  Line,  J.  Opt.  Soc.  Amer. 
48,  490  (1958).  The  recommended  term  for  this 
quantity  is  phase  transfer  function.  The  term 
for  the  function  that  comprehends  both  this  and 
the  modulation  transfer  function  is  optical  trans 
fer  function.  See  note  15  for  references. 
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found  in  photographic  practice  that  re 
sponse  curves  can  be  combined  to  a  useful 
approximation  if  the  modulations  and  the 
sensitometric  gradients  involved  are  not 
allowed  to  rise  above  moderate  values. 
Photographic  printing  is  an  example  of 
such  a  nonlinear  process.  The  straight 
portion  of  the  D  log  E  curve  can  be  rep 
resented  in  terms  of  transmittance  by 


I    .    !    i    I 


T  = 


(24.3) 


where  K  is  a  constant,  E  is  exposure,  and 
y  is  the  slope  of  the  D  log  E  curve.  This 
always  represents  a  hyperbola  and  never 
a  straight  line,  and  since  the  transmittance 
T  of  the  negative  is  proportional  to  the 
exposure  of  the  positive  stock  in  printing, 
the  printing  process  is  nonlinear.  Never 
theless,  in  spite  of  the  restrictions  just 
mentioned,  the  sine-wave  response  of  a 
properly  made  print  is  proportional  to 
the  product  of  the  response  curves  of  the 
individual  negative  and  positive  materials 
within  the  limits  of  experimental  error. 
The  quality  of  a  printing  process  can 
therefore  be  determined  by  making  a  print 
of  a  negative  like  Fig.  24.10b,  measuring 
the  response  of  the  print,  and  comparing 
this  response  with  the  responses  of  the 
negative  and  the  positive  materials  com 
bined  theoretically,  which  would  represent 
perfect  reproduction.17 

Acutance  and  Sharpness.  When  a  knife 
edge  is  imaged  by  a  lens,  as  sketched  in 
Fig.  24.12,  the  illuminated  area  outside 
the  knife  edge  can  be  considered  to  be 
divided  into  an  infinitely  large  number  of 
infinitesimally  small  strips  parallel  to  the 
knife  edge.  Four  such  strips  are  sketched 
in  the  figure.  Each  strip  forms  its  own 
spread  function  A(x),  as  shown  in  the 
lower  part  of  the  figure.  To  determine 
the  illumination  at  any  point,  such  as  #0, 


17  Lamberts,  Sine-Wave  Response  Techniques  in 
Photographic  Printing,  /.  Opt.  Soc.  Amer.  51, 
982  (1961). 


FIG.  24.12.  Analysis  of  a  knife-edge  exposure. 
Each  elementary  illuminated  strip,  1,  2,  3,  4, 
.  .  .  ,  produces  its  own  elementary  spread 
function  A(x),  and  the  sum  of  these  is  the 
edge  trace  /(#). 

the  ordinates  of  all  the  spread  functions 
at  that  point  are  added  up  as  indicated. 
A  little  reflection  will  show  that  this  is 
equivalent  to  determining  the  area  of  the 
spread  function  in  the  figure  between  —  co 
and  XQ.  The  edge  trace  is  therefore  repre 
sented  mathematically  by  the  integral 

I(X)  =    f*°  A(x)dx  (24 A) 

J — 00 

Exactly  the  same  argument  applies  for  a 
photographic  emulsion  partially  shielded 
by  a  knife  edge  except  that  the  spread 
function  is  produced  by  diffusion  within 
the  emulsion  instead  of  by  diffraction  at 
the  lens  aperature  or  by  aberrations  in 
the  lens. 
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FIG.  24.13,     Partition  of  edge  trace  into  equal 
elementary  sections  A^i  for  computing  acutance. 

Differentiating  this  equation  gives 

A(x)  =dl(x)/dx  (24.5) 


which  means  that  the  spread  function  can 
be  determined  by  measuring  the  slope 
dl/dx  of  the  edge  at  a  series  of  points 
xi,  XQ,  etc.,  and  plotting  this  slope  as  a 
function  of  x. 

When  the  photographic  image  of  the 
knife  edge  is  developed  and  scanned,  the 
microdensitometer  trace  has  somewhat  the 
shape  of  the  curve  in  Fig.  24.13.  The 
image  of  the  edge  itself  when  viewed  ap 
pears  to  be  more  or  less  sharp,  and  the 
question  is:  How  is  its  sharpness  related 
to  some  objective  characteristic  of  the 
trace  that  can  be  evaluated  ?  The  average 
gradient  between  two  extreme  points,  such 
as  a  and  &,  has  been  found  not  to  be  the 
criterion,  and  this  is  reasonable  because  the 
average  gradient  does  not  take  into  account 
the  shape  of  the  curve.  Likewise,  the 
steepest  gradient  is  not  the  criterion  for 
the  same  reason.  A  criterion  that  has  been 
found  to  be  fairly  satisfactory  is  derived 
in  a  much  more  complicated  manner.18 


Divide  the  trace  between  A  and  B  into 
equal  small  intervals  Axi,  AJ^,  -  -  -  ?  A^fc 
Axn.  On  the  assumption  that  a  4x  en 
largement  will  be  made  on  the  negative, 
the  points  A  and  B  are  characterized  by 
a  gradient  AD/Ax  of  0.005  when  x  is  meas 
ured  in  microns  and  the  sample  is  assumed 
to  be  viewed  from  the  convenient  viewing 
distance  of  14  in.  Then  measure  each 
value  of  AjD€  corresponding  to  each  Aa*, 
compute  all  the  values  of  (AZVAz*)2, 
where  i  represents  each  slice  from  1  to  n, 
and  then  divide  the  sum  by  the  number  of 
intervals  n.  This  mean-square  gradient 
#7  is  then  divided  by  the  density  scale 
DS  =  DB  —  DA  to  get  what  has  been 
termed  the  acutance  of  the  sample.  In 
mathematical  language, 


Acutance  =  GX2/DS 


(24.6) 


isHiggins    and    Jones,    Evaluation    of    Image 
Sharpness,  /.  Soc.  M.  P.  and  T.  V.  Engrs.  58,  277 


This  quantity  has  been  found  to  correlate 
very  well  with  the  impression  of  sharpness 
that  an  observer  receives  when  he  views 
the  edge  of  the  image  unless  the  distribu 
tion  of  density  at  the  edge  is  highly  un 
usual. 

Acutance  bears  no  necessary  relation  to 
granularity,  and  it  is  not  unusual  for  an 
emulsion  of  comparatively  low  granularity 
to  produce  a  more  diffuse  edge  than  a 
grainer  emulsion.  In  color  materials,  un- 
sharpness  arising  from  the  physical  dif 
fusion  of  the  dyes  that  constitute  the  color 
images  is  a  complicating  feature  that  is 
difficult  to  overcome. 

Resolving  Power.  The  spreading  of  the 
image  in  the  emulsion  by  turbidity  as  just 
described  causes  the  images  of  fine  lines 
close  together  to  run  into  one  another,  as 
shown  by  Fig.  24.10b  and  24.10c.  The 
ability  of  a  photographic  emulsion  or  an 
optical  instrument  to  record  fine  details 
distinguishably  is  known  as  resolving 

(1952);  reprinted  as  The  Sharpness  of  Photo 
graphic  Images,  P.S-A.  Journal  (Phot.  Sci.  Tech.) 
19B,  55  (1953). 
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power.™  The  customary  way  to  evaluate 
it  is  to  photograph  groups  of  lines  of 
graded  frequency  as  shown  in  Fig.  24.14a 
and  to  determine  with  the  microscope  the 
finest  groups  of  lines  that  can  be  dis 
tinguished  individually  in  the  developed 
image,  which  has  somewhat  the  appearance 
shown  in  Fig.  24.14b. 

Resolving  power  was  the  first  structural 
characteristic  of  optical  and  photographic 
images  to  be  evaluated,  and  it  has  long 
been  used  as  an  index  of  the  quality  of  the 
optical  or  photographic  system.  If  a  lens 
is  sensibly  free  from  aberration,  which  is 
possible  for  especially  corrected  telescope 
objectives  in  a  small  region  near  the  axis, 
resolving  power  depends  only  on  the  wave 
length  of  the  light  and  the  diameter  of 
the  lens,  varying  inversely  as  the  former 
and  directly  as  the  latter.  It  is  customary 
to  evaluate  the  resolving  power  of  emul 
sions  by  photographing  a  test  object  with 
a  lens  whose  resolving  power  is  much 
higher  than  that  of  the  emulsion  (at  least 
three  times  as  great).  This  is  easy  for 
ordinary  landscape  emulsions,  whose  re 
solving  powers  are  about  100  lines  per 
millimeter,  but  quite  out  of  the  question 
for  modified  Lippmann  emulsions,  which 
may  run  up  to  2000  lines  per  millimeter. 
Interference  fringes  can  be  used  to  test 
materials  of  such  high  resolving  powers. 

For  a  given  spatial  frequency,  resolving 
power  diminishes  as  the  width  of  the 
bright  lines  diminishes,  and  it  is  custom 
ary  to  use  lines  and  spaces  of  equal  width. 
It  also  diminishes  as  the  luminance 
(brightness)  ratio  between  the  lines  and 
the  background  diminishes,  and  this  dimi 
nution  becomes  very  great  as  the  lumi 
nance  ratio  becomes  very  low.  "When  the 
exposure  is  increased  from  a  very  low 
value,  resolving  power  increases  to  a  maxi- 

19  See  Mees,  TJie  Theory  of  the  Photographic 
Process,  2nd  Ed.,  The  Macmillan  Co.,  New  York, 
1954,  Ch.  24,  for  more  details. 


FIG.  24.14.  (a)  Eesolving-power  test  object 
and  (b)  photographic  image  on  a  fine-grained 
emulsion.  The  numbers  indicate  spatial  fre 
quency  in  lines  per  millimeter  and  are  not  on 
the  actual  test  object. 

mum  as  the  number  of  grains  in  the  lines 
increases  and  then  it  diminishes  as  the 
number  of  grains  in  the  spaces  increases. 
The  type  of  developer  and  the  duration  of 
development  have  comparatively  little  ef 
fect;  some  fine-grain  developers  improve 
resolution,  especially  at  low  and  medium 
development  gammas,  but  this  is  by  no 
means  a  universal  characteristic  of  such 
developers.  Resolving  power  can  be  im 
proved,  usually  at  the  expense  of  speed,  by 
bathing  the  film  in  a  dye  that  absorbs  the 
light  to  which  the  film  is  sensitive;  for 
emulsions  that  are  not  optically  sensitized, 
this  would  be  a  yellow  dye.  Alternatively, 
the  light  can  be  filtered  to  pass  only  the 
wave  lengths  that  are  heavily  absorbed  by 
the  emulsion  and  to  which  the  emulsion  is 
sensitive ;  this  is  the  reason  for  using  ultra 
violet  light  in  sound  recording.  When 
emulsions  are  compared,  it  is  found  that 
resolving  power  improves,  in  general,  as 
granularity  improves,  but  there  is  no  one- 
to-one  correlation  between  the  two  proper 
ties  and  similar  emulsions  may  be  in  oppo 
site  orders  when  ranked  for  the  two  prop 
erties. 
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FIG.  24.15.     (A)   Spread  functions  of  two  arbitrary  types;   (B)   corresponding 
edge  traces;    (C)   corresponding  sine-wave  responsive  curves. 


Although  resolving  power  has  been  used 
as  a  criterion  of  image  quality  for  many 
years,  cases  are  frequently  encountered  for 
which  it  is  found  to  be  faulty,  and  some 
times  it  is  actually  misleading.14  The  rea 
son  is  not  far  to  seek.  In  Fig.  24.10d,  it  is 
evident  that  resolving  power  represents  the 
spatial  frequency  for  which  the  sine-wave 
response  falls  to  zero  or,  more  accurately, 
where  the  response  falls  below  the  thresh 
old  of  whatever  instrument  (e.g.,  eye  or 
microdensitometer)  is  used  to  observe  the 
image.  This  gives  absolutely  no  indication 
of  the  height  of  the  curve  at  other  spatial 
frequencies,  whereas  this  height  at  low  and 
medium  frequencies  indicates  the  ability 
of  the  lens  or  emulsion  to  record  gross  de 
tails  sharply. 

In  Fig.  24.15A  are  shown  two  spread 
functions,  a  simple  one  a  and  a  compound 
one  b,  the  latter  having  a  very  thin  neck 
but  a  flaring  skirt.  The  corresponding 
edge  traces,  obtained  by  carrying  out  the 
operation  indicated  by  equation  (24.4), 
was  applied  to  a  certain  photographic 
emulsion  as  indicated  at  (B).  These 
curves  were  evaluated  for  acutance  and  the 
values  were  found  to  be  2700  for  a  and 
1240  for  &.  The  spread  functions  at  (A) 
were  transformed,  and  the  corresponding 
sine-wave  responses  are  shown  at  (C). 
It  is  evident  that  the  resolving  power  of  b 
is  considerably  greater  than  that  of  a,  but 
lines  having  a  frequency  of  less  than  about 
50  lines  per  millimeter  are  better  repro 


duced  by  emulsion  a.  (Note  that  the  nar 
row  neck  of  the  spread  function  of  b  is 
reflected  in  the  sweeping  tail  of  its  sine- 
wave  response;  cf.  Figs.  24.9  and  24.11.) 
This  leads  to  the  conclusion  that  emulsion 
a  reproduces  gross  details  more  sharply 
than  emulsion  6,  although  its  resolving 
power  evaluated  on  the  usual  threshold 
basis  is  lower. 

This  phenomenon  is  not  extremely  un 
common,20  and  emulsion  a, (or  lens  a  if 
lenses  are  in  question)  is  usually  preferred 
because  lack  of  sharpness  is  ordinarily 
more  noticeable  than  deficient  resolving 
power.  Figure  24.16,  which  is  a  graph  of 
the  combined  images  of  two  points  so  close 
together  that  the  combined  image  a'  has 
a  practically  flat  top,  shows  at  a  glance 
why  the  resolving  power  of  emulsion  b  is 
superior  to  that  of  emulsion  a. 

It  was  shown  earlier  in  the  chapter  that, 
although  the  spread  function  of  an  emul 
sion  has  a  fairly  sharp  peak  and  rather 
sweeping  sides,  the  spread  function  of  a 
lens  may  have  almost  any  shape.  Some 
times  the  top  of  a  lens  spread  function  is 
fairly  flat  and  the  sides  fairly  steep. 
When  a  test  object  like  the  one  shown  in 
Fig.  24.10a  is  photographed  with  such  a 
lens,  it  is  entirely  possible  for  the  lines 
to  merge  together  as  the  frequency  in- 

2oHiggins  and  Wolfe,  The  Eelation  of  Defini 
tion  to  Sharpness  and  Resolving  Power  in  a 
Photographic  System,  J".  Opt.  Soc.  Amer.  45,  121 
(1955).  -  • 
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FIG.  24.16.  Addition  of  pairs  of  the  spread  functions  shown  in  Fig.  24.15 (A) 
showing  the  resolution  possible  for  function  b  when  the  separation  is  such  that 
the  addition  of  a  pair  of  functions  a  gives  a  practically  flat-topped  function. 


creases  and  then  to  reappear,  but  in  the 
region  of  their  second  appearance,  bright 
lines  are  formed  where  the  dark  spaces 
should  be  and  vice  versa.  This  phenome 
non  is  known  as  pseudoresolution  or  spuri 
ous  resolution.  It  can  not  be  formed  by  an 
emulsion  alone,  because  an  emulsion  can 
not  exhibit  a  spread  function  having  the 
shape  required  to  produce  the  phenome 
non. 

Definition  and  Quality.  The  aspect  of 
a  photographic  image  that  is  associated 
with  the  clarity  with  which  detail  is  re 
produced  has  been  termed  photographic 
definition.16  It  is  a  complicated  charac 
teristic  and  is  determined  by  tone  repro 
duction  characteristics,  graininess,  sharp 
ness,  resolving  power,  and  perhaps  other 
characteristics.  Although  the  interrela 
tionships  of  these  characteristics  are  little 
known,  certain  features  have  been  fairly 
well  determined.  When  an  observer  views 
a  picture,  he  is  usually  satisfied  with  re 
spect  to  resolving  power  if  he  can  see  all 
the  detail  that  he  expects  to  see.  As  a 
general  rule,  this  requirement  is  fairly 
well  met.  The  observer  also  demands  to 


see  gross  detail  fairly  sharply,  and  this 
is  usually  the  feature  that  largely  deter 
mines  the  observer's  estimate  of  definition. 
The  graininess  also  must  not  be  obtrusive. 
An  experiment  was  conducted 21  in  which 
two  series  of  pictures  were  intermixed  and 
ranked  by  a  set  of  observers  for  definition. 
Some  pictures  varied  primarily  in  sharp 
ness  and  others  primarily  in  graininess. 
Then  the  observers  were  asked  to  rank  the 
pictures  twice  more,  once  for  sharpness 
and  once  for  graininess.  It  is  significant 
that  the  ranking  for  sharpness  correlated 
better  with  the  ranking  for  definition  than 
did  the  ranking  for  graininess.  On  the 
other  hand,  when  the  observers  were  asked 
to  rank  the  pictures  a  fourth  time,  this 
time  on  the  basis  of  picture  quality,  a  sta 
tistical  correlation  of  their  results  showed 
that  they  based  their  evaluations  more 
heavily  on  the  basis  of  graininess  than 
they  had  when  ranking  the  pictures  in 
terms  of  definition. 


21  Stultz  and  Zweig,  Roles  of  Sharpness  and 
Graininess  in  Photographic  Quality  and  Defini 
tion,  J.  Opt.  Soc.  Amer.  52,  45  (1962). 


338 


TEE  MICROSTRUCTURE  OF  THE  DEVELOPED  IMAGE 


i.O  0  i.O 

Distance  from  center  of  image(mm) 

FIG.  24.17.    Microdensitometer  traces  across  circular  developed  images  of  dif 
ferent  diameters,  showing  the  Eberhard  and  the  border  effects. 


Adjacency  Effects.  The  distribution  of 
density  within  an  image,  especially  when 
the  image  is  small,  is  not  always  a  true 
indication  of  the  distribution  of  light  flux 
within  the  emulsion  at  the  time  of  ex 
posure.  If  a  film  is  exposed  to  a  series  of 
minute  illuminated  spots  of  diminishing 
size,  a  microdensitometer  scan  across  the 
developed  images  will  result  in  traces 
somewhat  like  those  shown  in  Fig.  24.17. 
The  density  increases  as  the  size  of  the 
spot  decreases  because  the  image  is  more 
accessible  to  fresh  developer  and  the  ex 
hausted  developer  can  be  washed  away 
more  readily  from  a  small  image  than 
from  a  large  one.  For  the  same  reason, 
the  borders  of  the  larger  images  have  a 
higher  density  than  do  the  centers.  Such 
effects  depend  upon  the  presence  of  a  re 
gion  of  high  density  adjacent  to  a  region 
of  low  density  and  are  called  adjacency 
effects. 

The  increasing  density  with  decreasing 
size  is  the  phenomenon  properly  termed 
the  Eberhard  effect,  and  the  increase  in 
density  at  the  edge  of  an  image  is  often 
called  the  border  effect.  In  the  region  of 


low  density  surrounding  the  image,  more 
developer  reaction  products  exist  than  at 
a  greater  distance  from  the  image  and  the 
image  is  sometimes  surrounded  by  a  line 
of  low  density.  This  phenomenon  is 
known  as  the  fringe  effect  and  the  line  as 
the  Mackie  line.  The  fringe  and  border 
effects  conspire  to  enhance  density  differ 
ences  in  the  image  of  such  a  thing  as  a 
test  object  of  the  type  shown  in  Fig.  24.10a 
and  thus  increase  the  emulsion  response. 

Sheet  films  that  are  developed  by  being 
hung  in  developer  tanks  without  agitation 
also  often  show  streaks  of  uneven  density 
because  of  the  uneven  distribution  of  de 
veloper  products,  and  since  one  of  the  re 
action  products  is  a  soluble  bromide,  the 
resulting  streaks  are  often  called  bromide 
streaks.  It  should  be  noted,  however,  that 
the  reaction  products  of  some  developers 
accelerate  development  and  thus  may  pro 
duce  exactly  the  opposite  type  of  effect, 
and  still  others  do  not  produce  a  signifi 
cant  effect. 

When  these  effects  take  place  under  cer 
tain  special  conditions,  they  are  known  "by 
special  names.  When  small  images  are 
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near  one  another,  these  effects  often  pro 
duce  an  apparent  migration  of  the  images. 
An  actual  migration  sometimes  takes  place 
as  a  result  of  the  differential  contraction 
of  the  gelatin  as  the  film  is  dried  after 
being  processed.  These  gelatin  effects  are 
especially  marked  when  developers  are 
used  that  tan  the  gelatin  in  the  vicinity  of 
the  image. 

Sine-wave  response  is  a  sensitive  indi 
cator  of  adjacency  effects  because  these 
effects  enhance  the  contrast  of  details  and 
cause  the  curve  to  rise  above  100%  at 
low  spatial  frequencies.22  Later  evidence, 


22  Figures  5-7  of  reference  17  show  this  phe 
nomenon.  A  more  extensive  study  is  reported 
by  Hendeberg,  The  Contrast  Transfer  of  Peri 
odical  Structures  in  a  Photographic  Emulsion 
Developed  with  Adjacency  Effects,  Arkiv  for 
FysiJc  16,  457  (1960)  (Swedish  journal  but  paper 
written  in  English). 


however,  indicates  that  adjacency  effects 
may  be  present  without  producing  such 
overshooting. 

For  a  more  detailed  treatment  of  the  older 
work  and  bibliography  to  1953,  see  Mees, 
The  Theory  of  the  Photographic  Process, 
2nd  Ed.,  The  Macmillan  Co.,  New  York, 
1954,  Ch.  24.  When  references  are  not 
given  herein,  more  details  and  references 
to  original  papers  can  usually  be  found 
in  this  work.  A  shorter  but  later  treat 
ment,  including  the  mathematical  relations 
between  spread  function  and  sine-wave  re 
sponse,  is  James  and  Higgins,  Fundamen 
tals  of  Photographic  Theory,  2nd  Ed., 
Morgan  and  Morgan,  Inc.,  New  York, 
1960,  Ch.  13.  A  short  general  review  is 
Higgins  and  Perrin,  The  Evaluation  of 
Optical  Images,  Phot.  Sci.  Eng.  2,  66 
(1958).  Later  work  and  an  extensive 
bibliography  on  sine-wave  response  will 
be  found  in  Perrin,  Methods  of  Apprais 
ing  Photographic  Systems,  J.  Soc.  M.  P. 
and  T.  V.  Engrs.  69,  151,  239  (1960). 
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Photographic  Film.  Photographic  film 
is  supplied  in  four  forms,  namely,  (1)  in 
daylight  loading  cartridges  for  use  in  35 
mm.  cameras;  (2)  as  roll  film  with  a  paper 
backing  for  daylight  loading  in  larger 
cameras;  (3)  as  sheet  film  for  darkroom 
loading  in  filmholders,  as  (4)  as  film  packs 
for  use  in  filmpack  adapters  interchanging 
with  sheet  filmholders. 

Cartridge  Film  for  35  mm.  Cameras. 
Instead  of  a  backing  paper,  as  on  roll  film, 
35  mm.  film  is  enclosed  in  daylight-loading 
metal  or  plastic  cartridges  consisting  of  an 
inner  spool  and  an  outer  shell.  The  film  is 
drawn  through  a  plush-lined  slit  in  the 
outer  shell  and  winds  up  on  the  take-up 
spool  at  the  opposite  end  of  the  camera. 
When  the  last  exposure  has  been  made, 
the  film  transport  mechanism  is  reversed 
and  the  film  wound  back  into  the  cartridge 
which  can  then  be  removed  from  the  cam 
era  in  daylight.  Film  can  be  purchased 
also  in  bulk  for  loading  into  empty  car 
tridges.  These,  however,  cannot  be  used 
indefinitely  as  the  plush-lined  light-trap 
breaks  down  with  use  admitting  light,  or 
collects  dust  and  grit,  causing  dust  spots 
and  scratching  of  the  film. 

It  is  much  better  to  use  the  reloadable 
cassettes  available  for  many  35  mm.  cam 
eras.  These  are  precision-made  and  con 
sist  of  an  inner  and  outer  shell  each  with 
a  slit.  After  loading,  the  two  shells  are 
set  so  that  the  slits  overlap  to  make  the 
cassette  lighttight.  When  placed  in  the 
camera  the  outer  shell  is  rotated  by  the 
film  winding  key,  or  the  locking  screw  on 
the  camera  bottom,  so  as  to  bring  the  two 
slits  together  and  provide  an  opening  for 


the  film  to  be  drawn  from  the  cassette. 
After  the  film  has  been  rewound  into  the 
cassette,  it  is  made  lighttight  by  reversing 
the  motion  of  the  film  winding  key  or  the 
locking  screw. 

The  emulsions  available  in  35  mm.  film 
cover  a  wide  range  from  relatively  slow, 
extremely  fine-grain  emulsions  with  high 
acutance  and  resolving  power  to  ultra- 
speed  materials. 

Many  of  the  extremely  fine-grain  films 
with  an  ASA  speed  of  from  20  to  50  are 
thinly  coated  emulsions  to  reduce  light 
spreading  in  the  emulsion  and  produce 
sharper  images.  There  is  little  exposure 
latitude  with  these  films  because  of  the 
thin  emulsion  coating.  With  underexpo 
sure,  shadow  detail  is  thin;  whereas  with 
overexposure  the  highlight  areas  are  de 
graded.  Because  of  the  short  exposure 
range  these  films  are  not  the  best  choice 
for  contrasty  subjects.  They  are  also  in 
herently  contrasty  and  are  best  developed 
in  soft-working,  compensating-type  de 
velopers.  Fine-grain  developers  are  not 
necessary  and  generally  undesirable  as,  in 
many  cases,  they  do  not  produce  images  as 
sharp  as  other  developers.  These  are  spe 
cial-purpose  films  for  the  worker  who  is 
making  large  enlargements  and  particu 
larly  values  maximum  sharpness. 

The  medium  speed  (ASA  80-200)  fine- 
grain  films  are  the  best  choice  for  the 
average  photographer.  Properly  handled 
there  is  no  objectionable  grain  and  the 
sharpness  is  adequate  for  11  X  14  or,  in 
some  cases,  larger  enlargements;  and  the 
latitude  in  exposure  and  development  is 
much  greater  than  with  the  slower  films. 
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Ordinarily  these  films  may  be  developed 
in  ordinary  developers  and  do  not  require 
developers  of  a  compensating  type. 

High-speed  emulsions  (above  200  ASA), 
like  the  very  slow,  are  special-purpose 
emulsions  for  use  where  the  added  speed 
is  absolutely  necessary.  They  are  more 
grainy  than  the  slower  films  and  the  acu- 
tance  is  lower,  although  there  is  consider 
able  variation  in  both  graininess  and  acu- 
tance  in  different  films.  In  most  eases, 
these  films  must  be  developed  in  fine-grain 
developers  for  the  best  results. 

Roll  Film.  The  term  "roll  film"  is  nor 
mally  applied  to  film  with  an  opaque  paper 
backing  for  daylight  loading  in  cameras 
larger  than  35  mm.  The  strip  of  film  is 
attached  at  one  end  with  an  adhesive 
sticker  to  a  long  strip  of  opaque  paper. 
Then  when  the  film  is  wrapped  around  the 
spool  the  end  of  the  paper  strip  protruding 
beyond  the  film  protects  the  emulsion  from 
light  so  that  it  can  be  placed  in  the  cam 
era  in  daylight.  The  strip  of  paper  ex 
tending  beyond  the  other  end  of  the  film 
operates  in  the  same  way  to  permit  the 
removal  of  the  film  from  the  camera  in 
daylight. 

The  variety  of  emulsions  available  in 
roil  film  is  less  than  in  either  35  mm.  or 
sheet  film.  There  are  a  few  fine-grain, 
high-aeutance  films  of  moderate  speed 
(32-50  ASA),  a  relatively  large  number 
of  medium-speed  films  (100-200  ASA)  and 
several  high-speed  films  (200-500  ASA). 
These  different  types  correspond  to  the 
similar  types  in  35  mm.  film;  in  many 
cases  the  emulsions  are  the  same  and  the 
same  practices  apply. 

Sheet  Film.  Sheet  film  is  designed  pri 
marily  for  use  in  4  X  5  and  larger  cameras 
where  the  requirements  for  fine  grain  and 
high  acutance  are  less  than  for  the  smaller 
camera.  There  are  a  few  medium-speed, 
fine-grain,  high-acutanee  films  for  use 
where  exceptionally  large  enlargements 


are  to  be  made  or  for  work  demanding 
brilliant  rendering  of  contours.  These 
emulsions  are  designed  to  be  used  in  soft 
working  or  in  vigorous  developers,  depend 
ing  upon  the  subject  and  the  kind  of  nega 
tive  desired. 

There  are  also  slow,  blue-sensitive  mate 
rials  for  copying  and  ortho  materials  for 
those  who  prefer  ortho  to  panchromatic 
materials. 

The  largest  variety  of  sheet  film  is  found 
in  the  medium-  and  high-speed  film  ranges. 
The  tendency  in  recent  years  has  been  to 
use  higher  and  higher  speed  materials. 
With  the  larger  camera,  graininess  and 
acutance  are  less  of  a  problem  than  with 
the  smaller  camera,  while  speed  is  more 
important  since  ordinarily  smaller  lens 
openings  must  be  used  for  depth  of  field. 
Thus,  as  the  quality  of  high-speed  emul 
sions  has  improved,  the  tendency  to  use 
them  has  increased.  Two  types  of  high 
speed  material  appear  to  be  emerging: 
one  of  soft  gradation,  and  the  other  of 
brilliant  gradation  and  high  acutance. 

Nearly  all  the  ortho  emulsions  remaining 
are  available  in  sheet  film  only.  Ortho- 
chromatic  materials  are  preferred  by  many 
portrait  photographers  as  giving  better 
rendering  of  skin  values  than  pan  mate 
rial.  Orthochromatie  materials  are  pre 
ferred  by  some  press  photographer^  be 
cause  flesh  tones  are  less  likely  ti  be 
"blocked  up"  and  because  negativ^  of 
difficult  subjects  can  be  developed  by  in 
spection. 

TJie  thickness  of  the  base  is  several  limes 


film 
ness 
mist 


as  great  with  sheet  film  as  for  other 
to  Deduce  curling  and  maintain  fia 
in  {he  filmholder.  The  filmholder 
hole}  the  film  as  flat  as  possible  for  i  iaxi- 
mum  definition  with  large-aperture,  'ong- 
f  ocus  lenses.  The  tolerance  allowed  b; r  the 
American  Standards  Association  is  ±  0.007 
in.  To  meet  this  exacting  requirement, 
the  channels,  into  which  the  film  slides, 
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must  hold  it  as  tight  as  possible  to  prevent 
curl  or  buckle  as  a  result  of  changes  in 
atmospheric  conditions;  yet  its  design 
must  still  allow  quick  and  easy  loading 
and  unloading.  In  some  holders  the  sep 
tum  for  the  film  has  a  ridge  under  the 
side  rail  to  grip  the  film  and  prevent 
shifting  or  slipping.  Slides  and  endfiaps 
must  fit  tightly  without  binding;  other 
wise  light  may  leak  in.  The  trap  through 
which  the  slide  passes  is  a  very  critical 
part  of  the  holder.  In  the  holders  used 
in  press  cameras  it  is  now  generally  made 
of  spring-fingered  brass  enclosed  in  a 
rubberized  felt  cloth  resistant  both  to  wear 
and  light  leak.  Although  these  light  traps 
are  well  made,  some  caution  must  be  exer 
cised,  since  film  is  becoming  increasingly 
faster  and  light  may  eventually  leak  in 
after  prolonged  exposure.  The  slides  must 
be  of  a  durable,  flexible  material,  impervi 
ous  to  ultraviolet  and  infrared  alike. 

Film  Packs.  Film  packs  contain  twelve 
single  films  in  a  metal  container.  The 
paper  tabs  attached  to  each  of  the  films  is 
numbered  to  correspond  with  the  number 


on  the  film.  After  the  film  pack  is  placed 
in  the  adapter  (in  daylight),  the  cover  tab 
is  pulled  out  to  transfer  the  opaque  paper 
covering  the  film  to  the  back.  After  each 
exposure  the  film  is  pulled  to  the  end  of 
the  container  and  transferred  to  the  rear. 
The  paper  tabs  which  transfer  the  films 
from  the  front  to  the  rear  of  the  container 
pass  through  a  long  narrow  passage  so 
they  may  be  torn  off  without  admitting 
light  and  fogging  the  film.  When  all 
twelve  exposures  have  been  made  the  film 
pack  may  be  removed  from  the  adapter 
in  daylight. 

The  film  pack  has  the  advantage  that 
any  number  of  films  may  be  removed  in  a 
darkroom  for  development  without  affect 
ing  those  that  remain.  They  are  much 
more  expensive  than  sheet  film,  do  not  lay 
as  flat  in  the  exposure  plane,  and  are  more 
subject  to  scratches  and  light  fog.  Nor 
mally  only  one  or  two  emulsions  are  avail 
able. 

Saf elights  for  Negative  Materials.  Since 
blue  sensitive  and  or  tho  chroma  tie  emul 
sions  (Fig.  25.1)  are  for  all  practical  pur- 
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PIG.  25.1.  Curve  A  shows  the  log1  of  the  variation  in  brightness  of  a  source 
with  an  intensity  of  0.07  me.  with  wave  length;  B  is  the  curve  of  a  blue- 
sensitive  material;  C  is  transmission  of  safelight  for  material  in  2?;  D  and  E 
are  similar  curves  for  ortho  and  pan  materials.  Chilton,  Phot.  J.  71,  228  (1931). 
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poses  insensitive  to  red,  a  safelight  which 
absorbs  all  wave  lengths  less  than  500  m/x 
is  satisfactory.  With  high-speed  ortho- 
chromatic  emulsions  a  safelight  transmit 
ting  only  the  extreme  red  provides  a 
greater  margin  of  safety,  but  still  with 
good  illumination.  In  the  ease  of  pan 
chromatic  materials  the  only  solution  is 
in  using  a  wave  length  range  which  will 
produce  the  greatest  amount  of  illumina 
tion  with  the  smallest  amount  of  radiant 
energy.  Since  at  low  levels  of  illumination 
the  maximum  sensitivity  of  the  eye  lies 
in  the  blue-green,  safelights  for  panchro 
matic  materials  transmit  a  small  portion 
of  the  incident  light  between  500  and  525 
m/z.  Modern  panchromatic  materials 
should  not  be  exposed  even  to  this  until 
they  have  been  in  the  developer  for  3  or 
4  minutes.  The  sensitivity  is  reduced  and 
the  danger  of  fogging  lessens  as  the  image 
develops,  but  even  in  the  final  stages  of 
development  the  negative  cannot  be  held 
up  to  the  light  for  examination  for  more 
than  a  momentary  glance.  Since  little  can 
be  seen  under  these  conditions,  it  is  far 
better  to  develop  in  total  darkness.  Film- 
holders,  developing  tanks,  hangers,  etc., 
should  never  be  loaded  with  panchromatic 
film  except  in  total  darkness. 

Pine-Grain  Developers.  Fine-grain  de 
velopers  may  be  divided  into  three  classes : 
(1)  developers  of  low  alkalinity  with  an 
excess  of  sodium  sulfite  or,  less  frequently, 
a  more  active  solvent  of  silver  halide  such 
as  an  alkaline  thiocyanate;  (2)  developers 
employing  paraphenylenediamine,  and  (3) 
developers  combining  parapenylenedia- 
mine  with  metol,  glycin,  or  other  develop 
ing  agents. 

Metol-hydroquinone-borax  developers 
with  an  excess  of  sodium  sulfite  have  been 

MEES,  AND  BAKER,  Measurement  of  the  Ef 
ficiency  of  Darkroom  Light  Filters,  Phot. 
/.  47,  276  (1907). 

CHILTON,  Phot.  J.  71,  226  (1931), 


widely  used  for  fine  grain  since  1926  when 
the  Kodak  D-76  formula  was  published  by 
Capstaff  and  Seymour.  The  reduction  in 
graininess  is  due  probably  to  (1)  a  reduc 
tion  in  the  size  of  the  developed  grains  as 
a  result  of  the  solvent  action  of  the  sodium 
sulfite  on  the  silver  halide,  and  (2)  a  more 
uniform  distribution  of  the  silver  grains 
from  reduced  clumping. 

The  graininess  may  be  reduced  further 
by  the  addition  of  a  buffer,  such  as  boric 
acid,  or  by  the  addition  of  potassium  bro 
mide;  but  the  slight  increase  is  not  worth 
the  loss  in  emulsion  speed,  density,  and 
contrast.  Finer  grain  is  possible  with 
metol-hydroquinone  developers  employing 
potassium  thiocyanate  or  similar  solvents 
of  silver  halide  but  with  increased  loss  in 
effective  emulsion  speed. 

Metol  in  the  presence  of  a  high  concen 
tration  of  sodium  sulfite  forms  an  active 
developer  without  the  addition  of  an  al 
kali.1  If  the  activity  of  such  a  developer 
is  reduced  by  the  addition  of  an  acid  or 
an  acid  sulfite,  such  as  sodium  bisulfite,  as 
a  buffer,  an  excellent  fine-grain  developer 
is  obtained.2 

Developers  of  paraphenylenediamine  or 
orthophenylenediamine 3  alone  are  not 
widely  used  despite  the  exceptionally  fine 
grain  of  the  image  because  of  several  dis 
advantages:  (1)  the  loss  in  effective  emul 
sion  speed  requiring  increased  exposure, 


i  Twining,  J.  Soc.  Mot.  Pict.  Eng.  42,  315 
(1944).  Veldman,  Atelier  35,  30  (1928).  Von 
Ehrardt,  Amer.  Phot.  28,  466  (1934).  Wiegleb, 
Schweiz,  Phot-Ztg.  37,  93  (1935). 

2Henn  and  Crabtree,  J.  Phot.  Soc.  Amer.  10, 
727  (1944). 

3  Although  paraphenylene  is  generally  used, 
orthophenylene  was  recommended  by  Seyewetz 
as  having  greater  stability  and  less  tendency  to 
stain.  Brit.  J.  Phot.  83,  487  (1936). 

Wood  patented  (TJ.S.P-  2,197,017—1940)  the 
addition  of  morpholine  sulfite  and  triethanolamine 
sulfite  to  paraphenylene  developers  to  prevent  fog 
and  increase  the  activity  of  the  developer. 
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(2)  the   time   required    for    development, 

(3)  the  dichroic  image,  (4)  the  low  density 
and  contrast,   (5)   the  staining  of  fingers, 
trays,    and    other   utensils,    and    (6)    the 
highly  toxic  nature  of  the  developing  solu 
tion. 

Of  greater  practical  utility  are  the  so- 
called  "compromise"  formulas  in  which 
paraphenylenediamine  is  combined  with 
metol,  glycin,  or  other  developers.4  De 
velopers  of  this  type  are  not  the  equal  of 
paraphenylenediamine  alone  as  respects 
graininess,  but  possess  greater  activity 
which  reduces  both  the  developing  time 
and  the  loss  in  effective  emulsion  speed. 

Developers  for  Maximum  Emulsion 
Speed.  The  effective  emulsion  speed  of 
some  modern  negative  emulsions  is  in 
creased  by  prolonging  development  beyond 
the  normal  time.  Negative  contrast,  grain, 
and  fog  are  increased  but  these  in  some 
cases  are  less  important  than  the  gain  in 
shadow  detail.  "Where  contrast  may  be 
excessive,  soft  working  developers  of  high 
energy,  such  as  those  containing  metol  or 
phenidone,  are  advisable.  Metol-hydro- 
quinone-borax  developers  are  used  fre 


quently  by  available  light  photographers 
with  the  borax  increased  or  replaced  by  a 
metaborate  to  obtain  a  developer  of  higher 
energy  with  less  solvent  action. 

Increasing  the  temperature  of  the  de 
veloping  solution  will  increase  the  effective 
speed  of  some  modern  emulsions  as  much 
as  two  times.  Many  emulsions  are  hard 
ened  sufficiently  to  withstand  tempera 
tures  of  80  to  90°F.,  but  with  some  a  pre- 
hardening  solution  may  be  necessary.  (See 
subsequent  section  on  Developers  for  Use 
at  High  and  Low  Temperatures.)  Some 
developers  will  produce  undesirable  fog 
and  grain  at  high  temperatures,  but  metol- 
hydroquinone-borax  formulas  are  usually 
practical. 

The  addition  of  hydrazine  compounds 
has  been  found  to  produce  useful  increases 
in  both  speed  and  contrast  as  compared 
with  ordinary  developers. 

The  formula  which  follows  5  employing 
hydrazine  dihydrochloride  and  an  anti- 
fogging  agent — 6-nitro-benzimidazole — is 
recommended  for  known  cases  of  under 
exposure,  particularly  with  subjects  of  low 
contrast. 


Solution  A 
0.2%  solution  of  6-nitrobenzimidazole  nitrate.  .  .    . 

Metric 
,    .    .  20.0  cc. 

Avoirdupois 
U.  S.  Liquid 

2J  fluid  oz 

Hydrazine  dihydrochloride  

1  6  grams 

96  grains 

Water  to  make  

30  0  cc 

4  fluid  oz 

Solution  B 
Water  (about  125°F.)  

.    .     500  0  cc 

64  fluid  oz 

Elon  

2  2  grams 

128  grains 

Sodium  sulfite  (des.)  

12  oz  360  grains 

Hvdroquinone  

8  8  grams 

1  oz     75  grains 

Sodium  carbonate  (des.)  

48  0  grams 

6  oz   180  grains 

Potassium  bromide  

5  0  grams 

200  grains 

Cold  water  to  make  

1  0  liter 

1  gallon 

*Sease}  Camera  (Phila.)  47,  1  (1933).  Lowe, 
Zeiss  Mag.  2,  75  (1936).  Camera  Craft  43,  558 
(1936).  Champlin,  Champlin  on  Fine-Grain,  Cam 
era  Craft  Pub.  Co.,  San  Francisco,  1937.  Harris, 
Miniature  Camera  Mag.  2,  236  (1938). 

s  Miller,  Henn,  and  Crabtree,  J.  Phot.  Soc. 
Amer.  12,  585  (1946). 


ANDERSON,  Photo-Technique  I,  73  (June  1943). 

LONGFIELD,  Brit.  J.  Phot.  88,  348   (1941). 

WILLCOCK,  Developers  for  Increasing  Emul 
sion  Speed,  Brit.  J.  Phot.  101,  63,  76 
(1954). 
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Immediately  before  use,  mix  one  part 
of  solution  A  to  32  parts  of  solution  B. 
The  mixed  solution  has  a  useful  life  of 
only  a  few  hours. 

The  time  of  development  at  70°F.  is 
normally  between  12  and  20  min.,  de 
pending  upon  the  sensitive  material.  The 
maximum  emulsion  speed  is  obtained  with 
a  fog  density  of  approximately  0.40.  This 
time  may  be  determined  experimentally  by 
developing  an  underexposed  test  negative 
for  different  times  and  measuring  the  fog 
density  of  an  unexposed  section. 


Solution  A — First  Bath 

Elon 

Hydroquinone 

Sodium  sulfite,  des.  (E.K.  Co.). 

Sugar 

Sodium  bisulfite  (E.K.  Co.) 
Water  to  make 


first  bath  to  the  second  are  soon  exhausted 
in  the  fully  exposed  areas,  whereupon  de 
velopment  stops.  The  highlights,  there 
fore,  are  not  fully  developed  as  they  are 
deprived  of  the  developer  necessary  to 
carry  development  to  completion.  The  de 
veloper  in  the  shadow  portions  of  the 
image  is  not  exhausted  so  rapidly  and  de 
velopment  proceeds  to  completion. 

The  following  two-bath  developer  is  rec 
ommended  for  a  high-emulsion  speed  at 
low  gammas :  6 


Metric 

.     5.0  grams 

.     2.0  grams 

.  100.0  grams 

100.0  grams 

5.0  grams 

.     1.0  liter 


Solution  B — Second  Bath 

Sodium  carbonate,  des.  (E.K.  Co.) . 
Sodium  sulfite,  des.  (E.K.  Co.).  .  . . 

Potassium  bromide 

Potassium  iodide  (0.1%  solution) . . 
Water  to  make 


.    10.0  grams 
100.0  grams 
0.5  gram 
.    10.0  cc. 
.     1.0  liter 


Avoirdupois 

75  grains 

30  grains 
3  oz.  145  grains 
3  oz.  145  grains 

75  grains 

32  fluid  oz. 


145  grains 

3  oz.  145  grains 
7  grains 
§  ounce 
32  fluid  oz. 


If  the  shadows  only  are  underexposed 
and  the  subject  is  one  with  a  long  range 
of  tones,  the  problem  is  to  obtain  all  pos 
sible  detail  in  the  shadows  without  ex 
cessive  negative  contrast.  With  ordinary 
developers,  the  effective  emulsion  speed 
increases  with  the  gamma;  hence  at  low 
gammas  shadow  detail  is  sacrificed, 
whereas  if  development  is  prolonged  or 
high  energy  developers  used  to  obtain 
maximum  speed,  the  contrast  may  be  ex 
cessive.  A  properly  designed  two-bath  de 
veloper  is  the  simplest  and  most  practical 
means  of  increasing  the  effective  emulsion 
speed  at  low  gammas.  In  a  two-bath  de 
veloper  of  the  type  which  contains  the 
developing  agents  in  the  first  bath  and  the 
alkali  in  the  second,  the  developing  agents 
carried  over  in  the  gelatin  layer  from  the 


Treat  the  film  in  solution  A  for  5  min. 
at  68 °F.,  agitating  for  a  few  seconds  at 
1-min.  intervals.  Drain  for  10  sec.  and 
immerse  in  solution  B  for  5  min.,  agitating 
for  a  few  seconds  at  the  start  and  again 
after  3  min.  After  development,  rinse, 
fix,  and  wash  in  the  usual  manner. 


e  Miller,    Henn,    and    Crabtree,    J.    Phot.    Soc. 
Amer.  12,  585    (1946). 

LAWRENCE  recommended  the  use  of  an  after- 
bath  of  potassium  bromide  and  sodium 
hydroxide  following  development  in  phen- 
ylenediamine.  An  increase  in  effective 
emulsion  speed  of  from  four  to  eight  times 
was  claimed.  Miniature  Camera  Mag.  7, 
121  (1943).  Brit.  J.  Phot.  90,  125  (1943). 

HARRIS,  Miniature  Camera  Mag.  7,  505  (1943). 

KINGSBURY,  Amat.  Phot.  95,  158  (1945). 
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Developers  for  Use  at  High  and  Low 
Temperatures.  In  general,  no  special  pre 
cautions  are  necessary  in  processing  at 
temperatures  below  75  °F.,  except  to  avoid 
highly  alkaline  developers  or  those  requir 
ing  long  developing  times.  Processing  at 
temperatures  above  75  °F.  involves  either 
(1)  hardening  before  developing,  prefer 
ably  in  alkaline  formaldehyde  solution 
with  an  antifogging  agent,  or  (2)  the  addi 
tion  of  sodium  sulfate  to  the  developer  to 
retard  swelling  of  the  gelatin  during  de 
velopment.  In  either  event,  nonstaining 
developers  of  relatively  low  alkalinity  and 
fog,  e.g.,  metol-hydroquinone  borax  or 
paraminophenol  are  desirable.  It  is  im 
portant  also  that  the  temperature  of  the 
various  solutions  be  kept  as  nearly  alike 
as  possible.  Transferring  the  film  from  a 
cold  solution  to  a  warmer  one,  or  vice 
versa,  subjects  the  gelatin  layer  to  strain 
which  is  likely  to  result  in  reticulation. 
The  graininess  of  films  processed  in  warm 
solutions  is  a  mild  form  of  reticulation, 
although  not  ordinarily  recognizable  as 
such. 

The  following  may  be  used  for  prehard- 
ening : 


Solution  1 

Formaldehyde  (37%  Sol.) . 
Solution  2 


Prepare  directly  before  use : 


Solution  1 
Solution  2 


5  cc. 

1.0  liter 


1}  drams 
32  oz. 


Immerse  the  exposed  material  in  the 
prehardening  solution  for  10  min.  with 
intermittent  agitation.  Upon  removal, 
drain  briefly  and  wash  for  about  30  sec. 
before  developing.  The  time  of  develop 
ment  as  compared  with  that  at  68  °F.  with 
out  prehardening  is  approximately  as  fol 
lows  : 

75  °F Same 

80°F 85%  of  normal  time 

85  °F 70%  of  normal  time 

90°F 60%  of  normal  time 

95 °F 50%  of  normal  time 

The  principal  difficulties  in  developing 
at  temperatures  below  normal,  but  above 
the  freezing  point,  are  the  time  required 
for  development  and  the  loss  in  effective 
emulsion  speed.  Although  these  difficulties 
cannot  be  avoided  they  may  be  minimized 
by  the  use  of  high-energy  developers. 

At  temperatures  below  50  °F.  a  hydro- 
quinone-caustic  process  developer  diluted 
with  one  part  of  ethylene  glyeol  may  be 


Metric 


5     cc. 


Water 

0.5%  6-nitrobenzimidazole  nitrate. 

Sodium  sulfate  (des.) 

Sodium  carbonate 

Water  to  make 


.  900     cc. 
.  40     cc. 
.  50     grams 
.   10     grams 
.     1.0  liter 


Avoirdupois 


1J  drams 


28  oz. 
lioz. 

1  oz.  290  grains 
145  grains 
32  oz. 


This  formula  contains  formaline  which 
is  the  hardening  agent,  sodium  sulfate  to 
retard  swelling  during  hardening,  and  an 
antifogging  agent — 6-nitrobenzimidazole — 
to  prevent  fog  from  the  use  of  formaline, 
and  sodium  carbonate  to  render  the  solu 
tion  alkaline,  since  formaline  hardens  gela 
tin  only  in  an  alkaline  solution. 


used.  The  time  of  development  will  vary 
with  typical  process  film  developers  from 
3-5  min.  at  50°R,  to  15  or  20  min.  at  32°C. 
To  process  at  temperatures  below  freez 
ing,  it  is  necessary  to  add  an  organic  sol 
vent,  such  as  alcohol  or  ethylene  glyeol,  to 
the  solution  to  prevent  freezing.  Of  the 
two,  ethylene  glyeol  is  the  most  suitable. 
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With  the  addition  of  approximately  25% 
ethylene  glyeol  to  a  high-energy,  hydro- 
quinone-caustic  developer,  the  time  of 
development  is  from  35  to  45  min.  at  30 °F. 
It  is  possible  under  these  conditions  to 
process  in  solutions  as  low  as  5°F.3  but 
the  time  of  development  is  from  3  to  3^  hr. 

At  solution  temperatures  below  30°F., 
it  is  necessary  to  add  ethylene  glyeol  to 
the  fixing  bath  also.  Hardening  of  the 
emulsion  is  not  necessary  at  such  low  tem 
peratures  and  plain  solutions  of  hypo  may 
be  used  with  the  addition  of  from  three  to 
five  parts  of  ethylene  glyeol. 

Contrast  Developers.  A  developer  for 
process  materials  must  produce  high  gam 
mas  and  a  short  toe  to  the  D  log  E  curve. 
Process  developers  employ  metol-hydro- 
quinone  or  hydroquinone  with  a  relatively 
high  concentration  of  alkali  restrained  by 
potassium  bromide.  Hydroquinone-para- 
formaldehyde  developers  produce  excep 
tionally  high  gamma  and  a  shorter  toe 
than  hydroquinone-eaustic  developers. 
This  has  been  shown  to  be  due  to  the  cata 
lytic  effect  of  the  oxidation  products  on 
development.  There  is,  however,  some 
image  spreading  causing  clear  lines  to  be 
come  narrower  and  dense  lines  broader, 
due  to  the  development  of  unexposed 
grains  adjacent  to  heavily  exposed  areas 
( infectious  development ) . 

From  a  practical  standpoint,  it  should 
be  noticed  that  hydroquinone  developers 
should  not  be  used  at  temperatures  below 
50°F.,  as  the  energy  of  hydroquinone  is 
greatly  reduced  at  temperatures  below 
65  °F.,  or  above  70°F.,  as  diehroic  stain 
and  excessive  fog  may  be  produced. 

Two-Bath  or  Divided  Developers.  This 
term  is  applied  to  methods  of  develop 
ment  in  which  one  solution  contains  the 
developing  agent  and  sodium  sulfite  and  a 
second  the  alkali  plus  added  sulfite.  Thus, 

YULE,  /.  Franklin  Inst.  239,  221   (1945). 


no  development  takes  place  until  the  film 
is  transferred  from  the  first  to  the  second 
bath.  Developers  of  this  type  produce  an 
almost  constant  gamma — which  depends 
upon  the  emulsion  and  the  composition  of 
the  two  baths — regardless  of  the  time  of 
development,  the  degree  of  exhaustion  of 
the  solutions  or  the  temperature.  These 
characteristics  make  divided  developers 
of  this  type  suitable  for  (1)  high-speed 
processing,  (2)  for  maximum  emulsion 
speed,  and  (3)  subjects  of  high  contrast. 

Two  other  types  of  divided  development 
are  possible.  In  (1)  both  solutions  are 
complete  developers  but  differ  in  the  por 
tions  of  alkali  and  developing  agents.  In 
this  ease  the  first  bath  is  compounded  to 
serve  as  a  replenishing  solution  for  the 
second.  In  (2)  both  solutions  are  com 
plete  developers  of  the  same  composition, 
the  first  relatively  fresh,  the  second  par 
tially  exhausted.  If  the  time  of  immersion 
in  the  first  bath  is  short — only  long  enough 
for  the  full  appearance  of  the  image — the 
rate  of  exhaustion  is  less  than  if  develop 
ment  were  continued  to  completion.  Trans 
ferring  the  film  to  the  second  developer 
for  the  completion  o£  the  development 
allows  the  two  solutions  to  be  used  longer, 
and  there  is  no  loss  in  effective  speed  if 
development  is  begun  in  a  fresh  solution 
and  completed  in  one  that  is  partially 
exhausted. 

Neither  of  these  methods  is  practical 
except  under  standardized,  controllable 
processing  conditions. 

Rapid  Developers.  For  very  rapid  de 
velopment,  e.g.,  1  min.  or  less,  concentrated 
metol-hydroquinone  or  paraminophenol  de 
velopers  with  a  high  pH  are  necessary. 
The  rate  of  development  may  also  be  in 
creased  by  raising  the  temperature.  All 
of  these  lead  to  increased  fog  which  may 
be  lessened  by  the  addition  of  antifogging 
agents.  Graininess  is  also  increased  and 
the  more  rapid  oxidation  of  the  solution 
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limits  its  useful  life  which,  in  most  cases, 
is  not  of  major  importance. 

With  very  short  times  of  development, 
there  is  little  control;  a  few  seconds  may 
make  the  difference  in  considerable  over- 
or  underdevelopment.  Stop  baths  must  in 
any  event  be  used  to  stop  the  action  of 
the  developer  at  the  proper  time.  Two- 
bath  developers  are  useful  for  rapid  proc 
essing,  since  with  the  proper  formula  the 
degree  of  development  is  not  dependent 
upon  the  time  of  immersion  in  either  solu 
tion  provided  the  time  is  adequate. 

Compensating  Developers.  The  term 
compensating  is  applied  to  developers  in 
which  the  development  of  the  higher  densi 
ties  is  retarded,  as  compared  to  the  lower 
densities.  Developers  of  this  type  are  rec 
ommended  ordinarily  for  subjects  of  high 
contrast  or  for  negative  materials  which 
tend  to  produce  higher  contrast  than  is 
usually  desirable,  as,  for  example,  some 
fine-grain  emulsion  films.  The  term  com 
pensating  developer,  however,  is  somewhat 
loosely  employed  and  some  "compensat 
ing"  developers  are  simply  soft  working 
developers.  Pyro  and  pyrocateehin  with 
reduced  amounts  of  sulfite  do  tend  to  act 

BEUTLER  FORMULA  FOR  THIN  EMULSION 
FINE-GRAIN    FILMS 

A.  Metol 50  grams 

Sodium  sulfite  (anh) 50  grams 

Water  to  make 1  ml. 

B.  Sodium  carbonate  (anh) 50  grams 

Water  to  make 1  ml. 

For  use,  take  100  cc.  each  to  1  ml.  water.    Time 
of  development  from  7-12  min.  at  65 °F. 

PYROCATECHIN  COMPENSATING  DEVELOPER 

A.  Sodium  sulfite  (des.) 1.25  grains 

Pyrocateehin 8.0  grams 

Water  to  make 100  cc. 

B.  Sodium  hydroxide 10  cc. 

Water  to  make 100  cc. 

For  use  take  A — 20  parts 

B —  5  parts 
Develop  10-15  min.  in  tank  at  68°F. 


as  compensating  developers  because  of  the 
tanning  of  the  gelatin  by  the  oxidation 
products  of  the  reaction. 

One  method  of  dealing  with  subjects  of 
high  contrast  where  it  is  necessary  to  ob 
tain  good  shadow  detail  without  excessive 
highlight  density  is  the  so-called  water- 
bath  method.  After  development  is  under 
way,  the  film  is  removed  and  placed  in  a 
tray  of  water  where  it  is  left  undisturbed 
for  1  or  2  min.  and  then  placed  in  the 
developing  solution  to  continue.  The 
process  may  be  repeated  several  times  if 
necessary.  This  is  a  method  used  and 
recommended  by  Ansel  Adams,  in  whose 
hands  it  is  very  effective. 

Combined  Developing  and  Fixing.  Con 
siderable  progress  has  been  made  in  recent 
years  in  the  formulation  of  solutions  for 
combining  development  and  fixing.  The 
problems  to  be  overcome  are  many  and 
serious.  One  of  the  most  serious  is  the 
loss  in  effective  emulsion  speed.  To  pre 
vent  loss  in  speed  from  the  fixing  out  of 
silver  halide  before  it  can  be  developed, 
most  methods  have  employed  high-energy 
developers  and  relatively  low  concentra 
tions  of  hypo.  Further  difficulties  are 
silver  stains,  fog,  and  the  variation  in  be 
havior  of  a  combined  developing  and  fix 
ing  solution  with  different  emulsions  and 
with  temperature.  Kecent  work  with 
Phenidone  has  resulted  in  solutions  which 
result  in  little  or  no  speed  loss,  and  it  has 
been  found  that  the  gamma  can  be  varied 
with  Phenidone  developers  by  varying  the 
hypo  content.  The  effect  of  changes  in 
temperature  on  the  difference  in  the  rate 

ADAMS,  The  Negative,  Morgan  and  Morgan, 
New  York,  1948. 

PERRY,  Photo  Art  Monthly  7,  11,  71,  131 
(1939). 

BEN-EDICT,  Camera  Craft  46,  149  (1939),  rec 
ommended  that  the  film  upon  removal  from 
the  developer  be  squeegeed  to  a  glass  plate 
until  development  was  complete. 
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of  development  and  the  rate  of  fixing  has 
been  reduced  but  is  still  significant.  For 
mulas  for  combined  developing-fixing  have 
been  developed  which  are  practical  for 
certain  emulsions  within  a  small  tempera 
ture  range.  Combined  developing  and  fix 
ing  is  of  interest  primarily  in  applications 
in  which  rapid  access  to  photographically 
recorded  information  is  important,  as  in 
cathode-ray  records,  data  recording,  etc. 
For  these  applications  the  inflexibility  of 
combined  developing  and  fixing  is  not  a 
serious  disadvantage  and  the  reduction  in 
the  bulk  of  the  processing  solutions  and 
equipment,  and  the  time  of  processing,  are 
important  advantages. 

Physical  Developers.  Physical  develop 
ers  contain  a  silver  salt  in  conjunction  with 
a  developing  agent  which  forms  metallic 
silver  in  the  colloidal  state  which  is  then 
precipitated  on  the  latent  photographic 
image.  The  image  is  formed  as  a  result 
of  the  deposition  of  silver  from  the  devel 
oping  solution  and  not,  as  in  the  usual 
wray,  by  the  reduction  of  the  exposed 
grains  of  silver  halide. 

Physical  developers  have  been  employed 
principally  for  fine-grain  development  and 
to  obtain  blue-black  colors  on  lantern  slide 
and  transparencies.  So  far  as  negative  de 
velopers  are  concerned,  modern  fine-grain 
materials  are  far  more  convenient  and  de 
pendable  and  require  no  more  exposure 
than  high-speed  materials  when  physically 
developed. 

KEELAND,  Photographic  Monobaths,  Phot.  Eng. 
4,  157   (1953). 

GOLDHAMMER    AND    MAURER,    U.S.P.    2,782,120; 

Goldhammer,     U.S.P.     2,782,121;     Smith, 

B.P.  776,082. 

WENSKE  AND  WARNKE,  B.P.  768,401. 
KEELAJST,  Simultaneous  Developing  and  Fixing 

of  Photographic  Images,  ,7.  Phot.  Sci.  5, 

144   (1957). 
LEVY,   Combined  Development  and  Fixing  of 

Photographic     Images     with     Monobaths, 

Phot.  Sci.  and  Eng.  2,  136   (1958). 


A  negative  which  has  been  fixed  can  be 
developed  in  a  physical  developer  and,  al 
though  this  is  of  considerable  theoretical 
interest,  it  cannot  be  used  as  a  means  of 
recovering  an  image  which  has  been  acci 
dentally  fixed,  as  the  original  exposure  is 
never  enough  to  produce  more  than  a 
ghost  of  an  image. 

Methods  of  Development.  Developing 
solutions  are  used  in  trays,  in  tanks,  and, 
in  some  specialized  processing  methods, 
by  spraying,  or  in  a  viscous  rather  than  a 
fluid  state. 

When  processing  in  trays  or  tanks,  ade 
quate  agitation  of  the  solution  is  necessary 
to  obtain  uniform  development.  Unless 
the  by-products  of  the  development  process 
are  removed  by  agitation  of  the  solution, 
they  remain  close  to  the  place  of  formation 
and  restrain  development.  When  develop 
ment  takes  place  vertically  in  a  tank,  the 
spreading  of  these  restraining  byproducts 
may  cause  drainage  streaks  of  lower  den- 


FIG.  25.2.  "Bromide"  and  developer  streaks, 
and  the  silhouette  effect  in  a  print  from  a  nega 
tive  developed  in  a  vertical  position  without 
agitation.  (R.  N.  Wolfe  and  R.  S.  Barrows, 
Adjacency  Effects  in  Photography,  P.S.A. 
Journal  13,  554  (1947).) 
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sity  where  a  high  density  is  above  a  lower 
density,  or  streaks  of  higher  density  where 
a  low  density  is  above  an  area  of  higher 
density  (Fig.  25.2).  Similar  effects  may 
be  produced  in  continuous  processing 
where  the  film  passes  in  one  direction 
through  a  solution  with  insufficient  agi 
tation. 

In  tray  development,  simple  rocking  of 
the  tray  is  adequate  for  most  purposes, 
although  for  sensitometric  and  other  work 
requiring  greater  uniformity  in  develop 
ment,  brushing  the  surface  of  the  emulsion 
with  a  soft  brush  has  been  widely  em 
ployed. 

In  tank  development  with  small  amateur 
tanks,  the  usual  practice  is  to  rotate  the 
reel  of  film  every  30  sec.  or,  in  the  case 
of  sheet  film,  to  lift  the  hangers  out  of  the 
solution,  drain,  and  replace  every  minute. 
In  larger  tanks,  methods  of  agitation  by 
means  of  vanes  moving  back  and  forth 
between  film  hangers  have  largely  given 
way  to  agitation  from  the  release  of  a  gas, 
usually  nitrogen,  in  the  bottom  of  the 
tank.  The  gas  bubbles  raising  through 
the  solution  produce  the  necessary  agita 
tion. 

Spray  methods  of  applying  the  devel 
oper  have  been  employed,  particularly 
with  heated  developing  solutions  for  high 
speed  processing,  and  on  continuous  proc 
essing  machinery. 

The  time  of  development  may  be  deter 
mined  by  (1)  inspection,  (2)  by  the  time 
of  the  appearance  of  the  image,  and  (3) 
by  time.  The  development  of  negative 

DIRECTIONAL  DEVELOPMENT  is  sometimes  re 
ferred  to  as  the  Eberhard  Effect.  Eber- 
hard  showed  that,  due  to  the  restraining 
influence  of  the  by-products  of  develop 
ment,  the  density  of  small  areas  is  in 
creased  when  surrounded  by  a  large  area 
of  lower  density.  The  smaller  the  area  the 
greater  the  increase  in  density.  Eber 
hard,  Physik,  C.  13,  288  (1912). 


materials  by  inspection  requires  consid 
erable  experience  and  is  particularly  diffi 
cult  with  high-speed  panchromatic  mate 
rials  unless  first  desensitized.  The  time 
of  appearance  of  the  image  indicates  quite 
accurately  the  time  of  development  for  a 
given  gamma  and  it  is  necessary  only  to 
multiply  the  time  of  appearance  by  the 
proper  factor  to  obtain  the  time  of  devel 
opment.  This  factor,  known  as  the  Wat- 
kins  Factor  (Alfred  Watkins  1910),  de 
pends  chiefly  on  the  developing  agent  and, 
to  some  degree,  on  the  emulsion,  but  is 
not  affected  by  temperature  or  other  con 
ditions  affecting  the  rate  of  development, 
since  these  all  are  reflected  in  the  time  of 
appearance  of  the  image.  Factorial  de 
velopment  has  disappeared  from  modern 
practice  because  it  cannot  be  applied  to 
high-speed,  color-sensitive  materials  with 
out  danger  of  serious  fogging.  Desensitiz 
ing,  unfortunately,  is  of  no  help,  since  ex 
posure  of  the  desensitized  emulsion  to  the 
safelight  results  in  partial  destruction  of 
the  image  and  a  loss  in  emulsion  speed. 

In  developing  by  time,  the  time  of  de 
velopment  depends  upon  (1)  the  degree  of 
development,  or  gamma  desired,  and  (2) 
the  time  required  to  obtain  the  required 
gamma  with  a  given  emulsion  and  de 
veloper  combination  at  a  given  tempera 
ture  and  conditions  of  agitation.  Where 
the  reproduction  of  tone  is  involved,  the 
gamma  required  depends  upon:  (1)  the 
exposure  scale  of  the  printing  medium, 
(2)  the  manner  of  printing  (whether  by 
contact  or  projection),  and  (3)  the  bright 
ness  range  of  the  subject.  If  a  specific 
printing  material  of  fixed  characteristics 
is  to  be  used  then  either  (1)  the  bright 
ness  range  of  the  subject  must  be  kept 
within  bounds  by  control  of  the  lighting, 
or  (2)  the  time  of  development  must  be 
changed  to  compensate  for  variations  in 
the  brightness  range  of  the  subject. 
Where  printing  materials  with  different 
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FIG.  25.3.     Curves  showing  the  variation  in  the  rate  of  hypo  elimination  with 
the  temperature  of  the  wash  water. 


exposure  scale  are  available,  it  is  necessary 
only  that  the  gamma  chosen  result  in  a 
density  range  that  will  be  within  the  ex 
posure  range  of  the  available  printing  ma 
terial,  as,  for  example,  the  different  grades 
of  a  typical  contact  or  projection  paper. 

Recommended  Procedures  for  Fixing 
Negative  Materials.  1.  Use  a  stop  bath 
after  development,  particularly  with 
strongly  alkaline  developers,  to  prevent 
change  in  the  pH  of  the  fixing  bath  with 
use. 

2.  Use  a  fixing  bath  whose  pH  is  at  least 
4.9  to  facilitate  the  removal  of  hypo  from 
the  emulsion  layer  in  washing.  When  the 
pH  of  an  acid  fixing  and  hardening  bath, 
containing  potassium  alum,  is  below  4.9, 


the  absorbed  silver  is  not  removed  by  wash 
ing  in  water.  Above  a  pH  of  4.9  silver  is 
not  retained  by  the  gelatin. 

3.  Use  two  fixing  baths :  the  first,  a  used 
bath;  the  second,  a  fresh  bath.     Discard 
the    first    bath    when    the    silver    content 
reaches  5  grams  per  liter  and  replace  with 
the  second  bath. 

4.  Use   nonhardening,    or    chrom    alum, 
fixing  baths  if  the  time  of  washing  must  be 
kept  to  a  minimum. 

Washing  Negative  Materials.  The  more 
rapid  the  change  of  water  in  contact  with 
the  gelatin  layer,  the  less  the  time  required 
for  washing.  Thus  large  washing  tanks 
are  less  efficient  than  small  tanks,  unless 
the  time  required  for  a  complete  change 


352 


NEGATIVE  MATERIALS  AND  PROCESSING 


of  the  water  in  the  tank  is  the  same  in 
each  case.  Washing  equipment  should  be 
designed  not  only  for  a  rapid  change  of 
water  in  the  tank  but  to  provide  for  a 
uniform  flow  of  water  between  the  nega 
tives.  For  this  reason  the  negatives  should 
not  be  too  close  together  or  the  removal 
of  the  hypo-laden  water  from  the  vicinity 
of  the  surface  of  the  film  will  be  slower. 

The  time  of  washing  increases  slightly 
with  the  temperature  (Fig.  25.3)  and  the 
pH  of  the  wash  water.  Films  which  have 
not  been  properly  hardened  require  longer 
washing  because  of  the  larger  amount  of 
hypo  held  in  the  emulsion  layer,  and 
thickly  coated  materials  require  longer 
washing  times  than  thin  emulsions. 

Drying  Negative  Materials.  The  object 
in  drying  is  to  bring  the  gelatin  layer  to 
the  point  at  which  it  is  in  equilibrium 
with  the  relative  humidity  of  the  air  in 
which  the  negative  is  stored  and  handled. 
This  varies  ordinarily  from  10  to  15%. 

Since  the  density  depends  on  the  rate  at 
which  water  is  evaporated  from  the 
swollen  gelatin  layer,  all  of  the  negative 
must  dry  at  the  same  rate  or  differences  in 
density  (drying  marks)  will  be  produced. 
Heating  the  air  lowers  the  relative  humid 
ity  and  increases  the  amount  of  water 
which  the  air  can  absorb,  thus  speeding 
drying.  However,  if  the  relative  humidity 
of  the  air  is  too  low,  the  surface  of  the 
emulsion  layer  may  dry  faster  than  the 
interior.  This  will  set  up  strains  in  the 
gelatin  layer  and  increase  the  graininess 
of  the  image.  Furthermore,  there  is  the 
danger  that  the  surface-dry  negative  may 
stick  to  the  paper  envelope  or  to  other 
negatives.  Drying  in  air  of  extremely  low 
relative  humidity  will  also  cause  the  gela 
tin  to  become  brittle  and  easily  broken. 
Ordinarily,  the  humidity  of  the  drying  air 
should  not  be  reduced  below  60  to  70%, 
which  may  be  determined  by  placing  a  hy 
grometer  in  the  cabinet. 


The  typical  drying  cabinet  utilizes  elec 
trical  heating  units  and  a  fan  with  baffles 
to  distribute  evenly  the  heated  air  through 
out  the  cabinet.  For  more  rapid  drying, 
some  units  circulate  the  air  through  silica 
gel,  or  other  moisture-units  absorbing  ma 
terial,  to  keep  the  relative  humidity  of  the 
air  low.  In  this  case,  the  air  in  the  cabinet 
can  be  recirculated  and  used  over  and 
over,  thus  reducing  irregularities  in  dry 
ing  from  the  variations  in  the  humidity  of 
the  air  outside  the  drying  cabinet,  and 
dust  particles  from  outside  sources. 

Infrared  lamps  may  be  used  for  nega 
tive  drying  provided  all  surface  water  is 
thoroughly  removed  to  avoid  water  spots. 
For  rapid  drying  infrared  radiation  has 
the  advantage  of  evaporating  the  water 
more  or  less  uniformly  from  the  whole 
of  the  gelatin  layer  and  not  progressively 
from  the  surface  to  the  bottom  of  the 
gelatin  layer  as  when  drying  by  air.  To 
obtain  the  fullest  efficiency  of  the  infrared 
lamps,  they  should  be  placed  so  as  to  ex 
pose  the  surfaces  of  the  negative  uni 
formly;  they  should  not  be  used  to  heat 
the  air  in  contact  with  the  film,  as  when 
drying  with  air.  A  fan  may  be  used,  how 
ever,  to  remove  the  water  vapor  evaporated 
from  the  gelatin  and  thus  reduce  the  time 
of  drying. 

A  convenient  method  of  drying  nega 
tives  rapidly  and  the  only  practical  method 
of  drying  at  temperatures  near  the  freez 
ing  point  is  by  bathing  in  a  liquid,  such  as 
isopropyl  ethyl  alcohol,  or  acetone,  which 
displaces  water  and  evaporates  more 
rapidly.  Commercially  pure  alcohol  should 
be  diluted  with  two  parts  of  water  for 
use;  if  too  strong  it  may  lead  to  opales- 
cence  of  the  image.  Opalescence  may  be 
caused  also  from  the  use  of  denatured 
alcohol  containing  naphtha,  or  from  in 
sufficient  fixing  or  washing.  The  tem 
perature  of  the  air  used  in  drying  follow 
ing  alcohol  should  not  exceed  70°F. 


DRYING  NEGATIVE  MATERIALS 

Negatives  may  be  dried  in  3  or  4  min. 
by  immersion  in  a  saturated  solution  of 
potassium  carbonate.  Upon  removal  from 
the  solution  the  surface  is  wiped  with  a 
soft  cloth  and  the  negative  is  then  ready 
for  printing.  If  the  negative  is  to  be  kept 
it  should  be  placed  in  a  small  quantity  of 
the  solution  to  which  water  is  added  from 
time  to  time  to  remove  the  bulk  of  the 
potassium  carbonate  held  within  the  gela 
tin  layer.  The  negative  should  then  be 
washed  in  running  water  for  10  to  15  min. 
and  dried  in  the  usual  way.  If  the  nega- 
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tive  is  placed  directly  in  running  water, 
the  potassium  carbonate  which  it  contains 
may  disrupt  the  gelatin  and  ruin  it. 

ADAMS,  The  Negative,  Morgan  and  Morgan, 
New  York,  1948. 

Focal  Encyclopedia  of  Photography,  Focal 
Press,  London  and  New  York,  1958. 

HENNET  AND  DUDLEY,  Handbook  of  Photog 
raphy,  McGraw-Hill  Book  Co.,  Inc.,  New- 
York,  1939. 

JACOBSOX,  Developing,  The  Technique  of  the 
Negative,  14th  Ed.,  Focal  Press,  London 
and  New  York,  1959. 


Chapter  26 

PRINTING-OUT  PROCESSES 


The  processes  described  in  this  chapter      The  color  of  the  image  obtained  by  toning 


are  with  one  or  two  exceptions  printing- 
out  processes;  i.e.,  a  visible  image  is  pro 
duced  on  exposure.  Papers  of  this  type 
require  daylight,  or  a  strong  source  of 
artificial  light,  for  exposing  and  have  been 
almost  completely  replaced  by  developing 
papers.  Some  of  the  processes  described 
in  this  chapter  produce  prints  of  excep 
tional  beauty  (carbon  and  platinum)  ; 
whereas  processes  such  as  gum,  bromoil, 
and  bromoil  transfer  afford  a  degree  of 
control  over  tone  values  unmatched  by  any 
other  process.  There  are  still  a  handful 
of  exhibitors  using  these  processes;  most 
of  the  others  are  of  historical  interest  only. 

Silver  Printing-Out  Processes.  These 
include  plain  salted  paper,  albumen  and 
collodion  and  gelatin  papers.  The  prin 
cipal  difference  in  these  is  the  medium 
holding  the  silver  halide  crystals.  Plain 
salted  paper  is  sensitized  with  silver  chlo 
ride  produced  by  immersing  the  paper 
first  in  a  salt  solution  and  then  in  a  solu 
tion  of  silver  nitrate.  The  silver  chloride 
thus  formed  is  held  by  the  fibers  of  the 
paper.  In  the  albumen  process  the  silver 
crystals  are  held  on  the  surface  of  the 
paper  in  a  layer  of  albumen;  in  eollodio- 
chloride  papers  albumen  is  replaced  by 
collodion;  and  in  gelatino-chloride  by  gela 
tin. 

Fixing  directly  after  exposure  results 
in  disagreeable  colors  and  the  usual  prac 
tice  is  to  tone  in  gold  or  less  frequently 
on  platinum.  With  gold  the  reaction  is 
as  follows: 


2NaAuCl4  +  3Ag2  -»  Au2 


2NaCl  +  6AgCl 


in  gold  depends  to  a  large  measure  on  the 
alkalinity  of  the  bath.  Acid  baths  produce 
reddish  images  consisting  of  gold  in  an 
extremely  fine  state  of  division ;  alkaline 
baths,  brownish  or  purple-colored  images 
in  which  the  gold  particles  are  somewhat 
larger.  Black,  or  warm-black  images  are 
obtained  by  toning  with  platinum;  dark- 
brown  or  red-brown  images  with  selenium. 

In  self-toning  papers  the  gold  necessary 
for  toning  is  incorporated  in  the  emulsion 
itself.  Such  papers,  after  exposure,  are 
either  washed  and  fixed,  or  placed  in  a 
solution  of  common  salt  and  then  fixed, 
depending  on  the  color  of  image  desired. 

Iron  Printing  Processes.  A  number  of 
printing  processes  using  iron  salts  were 
described  in  the  early  days  of  photography 
but  only  the  blueprint  (Herschel,  1842), 
the  positive  blueprint  (Pellett,  1877),  and 
the  iron-silver  processes  (Arndt  and 
Troost,  1895)  survive.  All  of  these  are 
copying  processes  for  the  reproduction  of 
drawings  for  mechanical  or  constructional 
purposes. 

The  basic  reaction  in  all  is  the  conver 
sion  of  the  ferric  salt  (oxalate,  tartrate, 
citrate,  or  a  ferricyanide)  to  the  ferrous. 
Since  in  most  cases  this  is  not  accompanied 
by  a  change  in  color  or  darkening,  it  is 
necessary  to  employ  a  substance  which  will 
combine  with  either  the  ferric  or  the  fer- 

CLERC,  Photography,  Theory  and  Practice,  Pit 
man  Publishing  Co.,  New  York,  3rd  Ed., 
1954. 

SALMON,  P.  R.,  "The  Modern  History  and 
Manipulation  of  Self -Toning  Papers," 
Brit.  J.  Phot.  68,  730  (Dec.  9,  1921). 
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rous  salt  to  form  a  colored  reduction  prod 
uct.  A  typical  example  is  the  blueprint 
process  in  which  paper  is  coated  with 
ferric  ammonium  citrate  and  potassium 
ferricyanide.  Upon  exposure  to  light,  the 
ferric  salts  are  reduced  to  the  ferrous  and 
when  the  print  is  placed  in  water  the  blue- 
colored  compound  ferrous  ferroeyanide, 
Fe4(FeCy0)s,  is  formed. 

A  positive  image  may  be  obtained  by 
developing  with  a  compound,  for  example, 
potassium  ferricyanide,  which  will  com 
bine  with  the  ferric  but  not  with  the  fer 
rous  salt  to  produce  a  colored  reduction 
product. 

Ferrous  salts  are  capable  of  reducing 
compounds  of  silver,  platinum,  paladium, 
copper,  mercury,  and  gold.  If  a  paper  is 
coated  with  a  ferric  salt,  such  as  ferric 
ammonium  citrate  and  silver  nitrate,  ex 
posed  to  light  and  washed,  the  ferrous  salt 
reduces  the  silver  nitrate  to  form  a  rather 
dense,  brownish-black  image.  Papers  of 
this  type  are  often  used  to  make  negative 
copies  of  tracings  and  plans  for  use  in 
blueprinting. 

A  similar  process,  known  as  Kallitype 
(Nicol  1889),  produces  prints  of  excellent 
gradation  and  richness  of  tone.  There  are 
two  methods  of  Kallitype  printing;  in  the 
more  common,  paper  coated  with  a  ferric 
salt  and  silver  nitrate  is  exposed  and  de 
veloped  in  a  solution  of  borax  and  Eochelle 
salts;  in  the  other  method  the  paper  is 
sensitized  with  a  ferric  salt,  exposed  and 
developed  in  a  solution  of  silver  nitrate. 

In  Platinotype  (William  Willis,  1873), 
the  paper  is  coated  with  ferric  oxalate  and 
potassium  chloro-platinite,  exposed  until  a 
faint  image  is  visible,  and  developed  in  a 
solution  of  potassium  oxalate.  This  results 
in  a  pure-black  image  of  finely  divided 
platinum.  The  iron  salts  are  removed  in 

WALL,  The  Iron  Salts,  A  Summary  of  Print 
ing  Methods,  Amer.  Phot.  16,  677,  766 
(1922);  17,  4  (1923). 


a  weak  solution  of  hydrochloric  acid  fol 
lowed  by  washing  in  water.  Warmer  tones 
may  be  produced  by  adding  mercury  to  the 
developer.  The  Platinotype  Company 
(London)  also  produced  Palladiotype,  a 
similar  paper  using  palladium,  and  a  sil 
ver-platinum  paper.  None  of  these  have 
been  available  for  many  years. 

Chromate  Processes.  In  1855  Alphonse 
Poitevin  patented  a  process  in  which  a 
mixture  of  albumen,  gum  arabic,  or  gela 
tin  and  potassium  bichromate  was  coated 
on  paper,  dried  and  exposed  beneath  the 
negative.  After  exposure  the  paper  was 
soaked  in  water  and  a  lithographic  ink 
applied.  The  ink  adheres  to  the  hardened 
gelatin;  i.e.,  the  shadow  portions  of  the 
image,  but  is  repelled  by  the  water-swollen 
gelatin  in  the  highlights,  so  that  the 
amount  of  ink  retained  by  the  differen 
tially  hardened  gelatin  reproduces  the 
gradations  of  the  image.  Much  later 
(1904)  this  process  was  developed  by 
Kawlings,  of  Liverpool,  into  what  became 
known  as  oil  printing.  Rawlings  used 
brushes  rather  than  a  roller  to  apply  the 
ink  and  thus  made  it  possible  for  the 
pictorialist  to  control  the  various  tones  of 
the  image  by  varying  the  amount  of  ink 
applied.  The  oil  process  was  taken  up  by 
many  pictorialists,  particularly  Charles 
Puyo  and  Robert  Demachy  of  Paris.  The 
latter  popularized  oil  transfer  in  which  the 
ink  is  transferred  to  plain  paper. 

Gamier  and  Salmon,  starting  from  Poi 
tevin  's  patent,  described,  in  1858,  a  similar 
process  except  that  a  finely  divided  pig 
ment  was  dusted  over  the  image.  This  was 
the  beginning  of  the  so-called  powder  proc 
esses  applied  chiefly  to  ceramic  processes. 
Processes  of  this  type  introduced  by  the 
Belgian,  Sury  (1914),  and  the  Italian, 

WALL,  The  Chromium  Salts,  Amer.  Phot.  16, 
613  (1922). 

EDER,  History  of  Photography,  Columbia  Uni 
versity  Press,  New  York,  1945. 
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Namias  (1922),  have  found  favor  with  a 
small  group  of  pietorialists  in  Europe. 

The  starting  point  of  the  bromoil,  car- 
bro,  and  similar  processes  was  the  dis 
covery  by  H.  P.  Farmer  (1889)  that  the 
silver  of  a  bromide  print,  in  the  presence 
of  a  bichromate,  is  capable  of  rendering 
gelatin  insoluble  without  exposure  to  light. 
In  1905,  Manly  patented  a  process  known 
as  Ozolrome,  in  which  a  sheet  of  pigment 
tissue  was  immersed  in  a  solution  of  potas 
sium  bichromate,  ferricyanide,  and  bro 
mide,  then  placed  in  contact  with  a  bro 
mide  print  for  a  few  minutes.  This  results 
in  the  formation  of  an  image  of  differ 
entially  hardened  gelatin  in  the  pigment 
tissue,  which  is  transferred  to  another 
support  and  the  soluble  gelatin  washed 
away  in  warm  water  to  produce  a  pigment 
image  in  exactly  the  same  manner  as  in 
the  carbon  process.  Ozobrome  was  revived 
in  an  improved  form  by  H.  F.  Farmer,  in 
1919,  as  carbro.  Bromoil,  oil  prints  from 
bromides,  was  suggested  by  E.  J.  Wall  and 
worked  out  practically  by  C.  Welborne 
Piper  (1907). 

In  the  bromoil  process,  a  bromide  print 
is  bleached  in  a  solution  containing  a  bi 
chromate,  potassium  bromide,  and  either 
potassium  ferrieyanide  or  a  cupric  salt, 
usually  the  chloride  or  the  sulfate,  which 
results  in  the  tanning  of  the  gelatin.  The 
bromide  print  is  then  soaked  in  water 
which  is  repelled  by  the  hardened  gelatin. 
An  oil  pigment  applied  with  the  brush 
adheres  to  the  shadow  portions  of  the 
image,  but  is  repelled  by  the  highlights 
which  have  taken  up  the  water.  Thus, 
there  is  built  up  a  pigment  image  on  one 
of  differentially  hardened  gelatin. 

Gum-Bichromate  and  Allied  Processes. 
John  Pouncy,  in  1858,  patented  a  process 
of  pigment  printing  in  which  carbon,  or  a 
suitable  pigment,  is  added  to  gum  arabic 
which  is  sensitized  with  potassium  bichro 
mate.  When  dry,  the  paper  is  exposed 


beneath  the  negative  and  upon  washing 
in  water  the  soluble  gelatin  dissolves  leav 
ing  an  image  of  pigment  in  the  hardened 
colloid.  This  method  of  pigment  printing 
became  popular  with  pietorialists  early  in 
the  present  century  as  the  gum-bichromate 
process.  It  is  a  flexible  process  permitting 
considerable  control  and  is  noteworthy  for 
the  rich,  deep  shadows.  It  is,  however,  a 
tedious  process,  as  three  separate  print 
ings,  one  for  the  shadows,  one  for  the  half 
tones,  and  a  third  for  the  highlights,  are 
generally  necessary  for  a  full  scale  of 
tones;  and  for  each  printing  the  paper 
must  be  sensitized,  exposed,  the  soluble 
pigment  removed,  and  the  image  cleared 
and  dried. 

Multiple  printing  may  be  avoided  by 
combining  gum  printing  with  bromide  or 
platinum,  using  a  print  made  by  one  of 
these  processes  as  a  foundation  to  supply 
the  necessary  depth  to  the  shadows  and 
middle  tones  and  a  superimposed  gum  pig 
ment  image  to  secure  the  characteristic 
appearance  of  a  gum  pigment  print. 

The  Fresson  process  employs  a  gelatin- 
coated  paper  containing  a  suitable  pig 
ment  which  is  sensitized  with  a  bichromate 
and  exposed  exactly  as  in  the  gum-bichro 
mate  process.  The  print  is  then  placed  in 
water  until  the  gelatin  is  soft  and  the 
abrasive  effect  of  fine  sawdust  and  water  is 
employed  to  remove  the  gelatin  in  pro 
portion  to  its  hardness  and  thus  produce 
an  image.  The  image  has  a  pronounced 
graininess  which  is  quite  suitable  for  spe 
cial  effects. 

The  Carbon  Process.  Carbon  is  a  proc 
ess  of  pigment  printing  perfected  by  J.  W. 
Swan  in  1865.  The  term  carbon  arose 
originally  from  the  use  of  finely  divided 
carbon  as  a  pigment,  but  many  other  pig 
ments  are  now  used  to  obtain  images  in 
different  colors. 

Carbon  tissue  consists  essentially  of  a 
layer  of  soft  gelatin  containing  an  inert 
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pigment,  coated  on  a  thin  paper  support. 
In  single  transfer,  the  carbon  tissue  is  first 
sensitized  in  a  solution  of  ammonium  bi 
chromate,  then  dried  and  exposed.  It  is 
then  soaked  for  a  few  minutes  in  water 
until  soft  and  the  pigmented  layer  squee 
geed  onto  a  sheet  of  transfer  paper,  which 
is  a  paper  coated  with  a  somewhat  harder 
gelatin.  After  several  minutes  under 
slight  pressure,  the  carbon  tissue  and  the 
adhering  transfer  paper  are  placed  in 
warm  water.  In  this  the  soluble  gelatin 
becomes  soft  and  the  tissue  is  removed, 
leaving  the  image  on  the  transfer  paper. 
The  soluble  gelatin  is  removed  by  washing 
in  warm  water  until  the  image  remains. 
The  image  is  hardened  in  a  solution  of 
alum,  washed  briefly,  and  dried. 

With  single  transfer,  the  image  is  re 
versed  from  left  to  right  unless  the  nega 
tive  is  printed  from  the  back  side. 

Reversal  of  the  image  is  avoided  by 
double  transfer.  In  this  the  pigmented 
layer  is  sensitized  and  exposed  as  for 
single  transfer  but  is  placed  first  on  a 
temporary  support  of  celluloid,  glass, 
waxed  paper,  or  cellophane.  It  is  devel 
oped  on  this  temporary  support  and  the 
pigmented  image  transferred  to  a  sheet 
of  gelatin-coated  transfer  paper. 

In  the  carbro  process,  carbon  tissue  is 
sensitized  in  a  solution  containing  potas 
sium  ferricyanide  and  potassium  bichro 
mate,  and  then  placed  in  contact  with  a 
bromide  print  for  10  to  15  min.  The  two 
are  then  separated,  the  pigment  tissue 
squeegeed  to  transfer  paper  and  the  sol- 

The  use  of  wet  tissue,  exposed  through  a 
transparent,  plastic  sheet,  to  avoid  the 
delay  and  the  variations  in  sensitivity 
caused  by  drying  the  tissue  before  ex 
posure,  was  patented  by  Symmes,  U.S.P. 
2,381,234  (1943).  See,  also,  Autotype 
Color  Printing  Processes:  Carbro,  Contact 
Carbon,  Projection  Carbon,  Wet-Printed 
Carbon,  The  Autotype  Company  Ltd., 
London,  1948. 


uble  gelatin  removed  by  washing  in  water 
exactly  as  in  the  carbon  process.  The 
bromide  print  is  redeveloped  and  may  be 
used  for  additional  carbro  prints. 

Carbro  is  no\v  used  chiefly  for  making 
color  prints. 

Imbibition  Printing.  Images  in  differ 
entially  hardened  gelatin  may  be  dyed 
with  suitable  dyes  to  produce  a  dye  image. 
Dye  processes  are  not  very  practical  with 
paper  supports;  however,  if  film  is  used 
the  dye  image  may  be  transferred  to  a 
gelatin  coated  paper.  This  is  known  as 
imbibition  printing;  i.e.,  the  gelatin  "im 
bibes"  the  dye  image.  Imbibition  proc 
esses  are  used  chiefly  for  three-color  print 
ing,  but  excellent  black-and-white  prints 
can  be  made  with  this  process  by  using  a 
black  dye,  and  the  process  allows  consid 
erable  control  over  contrast  and  tone 
values. 

Diazo  Processes.  In  1890  Green  dis 
covered  that  diazotised  primulin  upon  ex 
posure  to  light  is  no  longer  capable  of 
combining  with  phenolic  or  amino  com 
pounds  to  form  an  azo  dye.  Green,  Cross, 
and  Bevan  patented  the  primuline  process, 
the  first  workable  process  of  this  type. 

The  first  really  successful  process,  how 
ever,  was  based  on  the  patents  of  Kogel 
and  Neuenhaus  (1924).  They  found  that 
if  the  proper  amino  and  phenolic  com 
pounds  are  chosen,  papers  coated  with  a 
light-sensitive  diazo  compound,  a  coupling 
agent,  and  a  stabilizing  acidic  compound, 
require  only  the  neutralization  of  the 
acidic  stabilizing  component  to  permit  the 
combination  of  the  coupling  agent  and  the 
diazo  compound  to  form  an  azo  dye  image. 

The  two  variations  of  the  diazo  process 
in  commercial  use  differ  essentially  in  the 
way  in  which  the  coupler  is  used.  In  the 
dry  process,  the  coupling  component,  to 
gether  with  stabilizing  substances  to  main 
tain  an  acid  condition,  are  coated  together 
on  the  paper  or  film  base.  After  exposure 
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the  image  is  developed  by  exposure  to 
volatilized  aqua  ammonia.  In  a  completely 
automatic  machine,  finished  prints  may  be 
produced  in  5  sec.  In  the  moist  or  semi- 
wet  modification  of  this  process  only  the 
diazo  salt  with  a  small  amount  of  stabiliz 
ing  material  is  coated  on  the  base  stock. 
Following  exposure,  a  solution  of  the 
coupling  component  is  applied  to  the  sensi 
tized  surface.  If  the  developing  solution 
is  of  the  proper  alkalinity,  a  practically 
instantaneous  coupling  forms  the  azo  dye. 
Diazo  papers  at  present  find  their  widest 
usage  in  the  copying  of  plans  and  tracings 
for  which  they  are  tending  to  replace  the 
long-established  blueprint.  For  this  pur 
pose  they  have  the  advantage  (1)  of  speed, 
as  exposure  and  coupling  require  only  2 
or  3  min.  and,  with  the  dry  process,  the 
print  does  not  require  drying,  (2)  of  pro 
ducing  a  positive  image,  and  (3)  of  being 
true-to-scale,  as  there  is  no  expansion  or 


contraction,  as  in  the  blueprint  and  similar 
processes,  from  the  wetting  and  drying  of 
the  paper.  Although  many  different  colors 
are  possible,  the  most  important  commer 
cially  are  the  black-line,  blue-line,  and 
sepia-line  papers. 

Continuous  tone  materials  producing 
black,  sepia,  or  blue  prints  are  available 
commercially.  These,  however,  have  a 
limited  exposure  scale  as  compared  with 
conventional  printing  papers  and  at  pres 
ent  are  employed  chiefly  where  a  large 
number  of  prints  are  required  at  low  cost. 

CLERC,  Photography,  Theory  and  Practice,  Pit 
man  Publishing  Co.,  New  York,  3rd  Ed., 
1954. 

Focal  Encyclopedia  of  Photography,,  The  Mae- 
millan  Co.,  New  York,  1956. 

HAWKINS,  Pigment  Processes,  H.  W.  Green 
wood  &  Sons,  London. 

HENNEY  AND  DUDLEY,  Handbook  of  Photog- 
raphy,  McGraw-Hill  Book  Co.,  Inc.,  New 
York,  1939. 


Chapter  27 

DEVELOPING  PAPERS 


Commercial  developing  papers  are  avail 
able  in  great  variety.  The  emulsion  differ 
ences  are  in  (1)  speed,  (2)  contrast,  (3) 
image  color,  and  (4)  curve  shape.  The 
paper  on  which  the  emulsion  is  coated 
differs  in  (1)  texture,  (2)  sheen  or  luster, 
(3)  color,  and  (4)  weight. 

Speed  ranges  from  slow,  silver-chloride 
emulsions  for  contact  printing  to  fast 
chlorobromide  emulsions  for  projection 
printing.  Between  these  extremes  is  a 
class  of  papers  of  intermediate  speed  usu 
ally  used  for  projection  printing  but  suit 
able  for  contact  printing  if  the  intensity 
of  the  light  source  is  reduced  by  opal  glass 
or  translucent  paper.  The  very  slowest 
papers  are  usually  silver  chloride  emul 
sions  of  very  fine  grain  producing  brown- 
black  images.  Next  in  speed  usually  are 
silver  chloride  emulsions  producing  warm- 
black  images.  Both  of  these  are  used 
chiefly  for  professional  portraiture.  The 
blue-black  silver  chloride  papers  used  by 
photofinishers  and  commercial  and  indus 
trial  photographers  are  usually  several 
times  faster.  Projection  papers  are  ordi 
narily  chlorobromide  emulsions.  The 
emulsions  for  brown-black  and  warm-black 
images  are  usually  somewhat  slower  than 
those  producing  a  black  or  blue-black 
image. 

Bromide  papers  are  no  longer  in  general 
use;  even  where  the  trade  name  suggests 
a  bromide  emulsion;  e.g.,  Kodabromide, 
the  actual  emulsion  is  chlorobromide. 

Papers  producing  blue-black  and  neutral 
black  images  develop  rapidly  (Fig.  27.1) 
and  there  is  little  control  over  the  color 
of  the  image,  although  great  overexposure 


will  result  in  a  degraded  black.  Papers 
producing  warm-black  and  brown-black 
images  develop  more  slowly,  and  there  is 
an  increase  in  the  slope  of  the  D  log  E 


FIG.  27.1.    D  log  E  curves  of  a  silver  chloride 
paper  for  different  times  of  development. 

curve  (Fig.  27.2)  and  the  maximum  den 
sity  with  the  time  of  development.  The 
color  of  the  image  becomes  progressively 
colder  with  the  time  of  development.  In 
other  words,  increased  exposure  and  short 
development  time  produce  lower  contrast 
and  warmer  colors  than  shorter  exposure 
and  longer  development.  Very  short  de 
veloping  times,  however,  will  lead  to  prints 
of  poor  gradation  and  color.  With  most 
warm-tone  chloride  and  chlorobromide 
papers  the  minimum  time  of  development 
is  about  li  min.,  the  desirable  time  from 
2  to  3  min. 

Contrast  Grades  of  Developing  Papers. 
Many  papers  are  made  in  different  con 
trast  grades  for  use  with  negatives  having 
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different  density  ranges.  The  D  log  E 
curves  of  six  grades  of  a  contact-type,  sil 
ver  chloride  paper  are  shown  in  Fig.  27.3. 
The  curves  have  heen  shifted  along  the 
axis  to  avoid  the  confusion  which  would 
result  if  all  were  plotted  on  the  same  ex 
posure  basis.  There  is  little  difference  in 
the  maximum  density  and,  although  there 
is  a  difference  in  the  shape  of  the  curves, 


L 


FIG.  27.2.    D  log  E  curves  of  a  cMorobromide 
paper  for  different  times  of  development. 

the  principal  difference  is  in  the  log  E 
scale;  i.e.,  the  projection  of  the  curve  on 
the  log  E  axis.  These  values  are  shown 
below : 


1.7 
1.5 
1.3 


3 
4 
5 


1.1 
0.9 
0.7 


Statistical  studies  have  shown  that  in  gen 
eral  the  log  exposure  scale  of  the  paper 
chosen  for  a  negative  is  about  0.2  greater 
than  the  density  range  of  the  negative. 
By  density  range  is  meant  the  effective 
density  range;  i.e.,  the  range  for  the  illu 
mination  used  in  making  the  print.  In 
contact  printing  the  density  range  corre 
sponds  closely  with  the  density  differences 
as  measured  in  a  densitometer  having  an 
opal  glass  diffuser.  If  the  print  is  made 
by  projection  using  an  enlarger  with  con 


densing  lenses,  the  effective  density  range 
of  the  negative  is  increased. 

Variable  Contrast  Papers.  Developing 
papers  in  which  the  exposure  scale  varies 
with  the  color  of  the  light  used  for  the 
exposure  are  known  as  variable  contrast 
or  multicontrast  papers.  With  these  pa 
pers  (Multigrade,  Varigam,  Varaloid, 
Polycontrast,  Polylure)  it  is  possible  by 
means  of  filters  to  duplicate  on  the  one 
paper  the  result  obtained  on  the  different 
contrast  grades  of  other  papers. 

The  basic  idea  of  a  variable  contrast 
paper  in  which  an  emulsion  sensitive  to 
blue  and  violet  and  one  sensitive  princi 
pally  to  green,  but  differing  greatly  in 
contrast,  are  combined  was  patented  by 
Fischer  in  1911,  but  the  first  papers  of 
this  type  were  not  placed  on  the  market 
until  1940. 

In  the  commercially  available  papers, 
the  green  sensitive  emulsion  in  most  cases 
has  less  contrast  than  the  blue-violet  emul 
sion;  thus  yellow  filters  are  used  for  low 
contrast  and  blue  filters  for  high  contrast. 
In  one  commercial  paper  (Multigrade) 
however,  the  contrasts  are  reversed  and  a 
green-yellow  filter  is  used  for  the  highest 
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FIG.  27.3.    D  log  E  curves  for  the  six  contrast 

grades  of  a  commercial  silver  chloride  emulsion 

for  contact  printing. 


SAFELIOHTS  FOR  DEVELOPING  PAPERS 


361 


contrast  and  a  blue-violet  filter  for  low 
contrast.  Sets  of  filters  for  use  with  these 
papers  are  supplied  by  the  manufacturers, 
the  different  filters  duplicating  approxi 
mately  the  contrast  grades  of  other  papers 
of  that  manufacturer.  It  is  possible,  how 
ever,  to  obtain  the  same  result  by  exposing 
with  the  filters  for  the  highest  and  lowest 
contrast  successively.  Thus,  any  contrast 
grade  (and  intermediate  grades)  can  be 
duplicated  by  varying  the  ratio  of  the  ex 
posure  between  the  two  filters.  The  versa 
tility  of  the  two-filter  method  is  greater 
than  the  separate  filters,  and  many 
printers  prefer  the  two-filter  method  with 
difficult  negatives,  using  a  contrast  filter 
to  obtain  the  contrast  and  depth  desired 
in  the  deepest  shadows  of  the  image  and 
a  filter  producing  lower  contrast  for  the 
halftones  and  shadows.  Some  users  of 
these  papers  in  fact  use  as  many  as  three 
filters  in  succession  on  occasion:  the  maxi 
mum  contrast  filter  to  print  in  the  deeper 
shadows  with  high  contrast,  a  middle  con 
trast  filter  for  the  halftones,  and  a  low- 
contrast  filter  for  the  highlights. 

Variable  contrast  papers  are  especially 
useful  for  local  contrast  control  in  print 
ing.  The  usual  local  exposing  methods  em 
ployed  in  printing  may  be  combined  with 
filters  to  change  the  contrast  as  well  as 
the  exposure  for  local  areas.  By  careful 
shading,  one  part  of  the  image  may  be 
printed  with  one  filter  and  other  portions 
with  a  different  filter  so  that  each  area 
will  be  reproduced  with  the  most  appro 
priate  contrast  and  density. 

Variable  contrast  papers  should  not  be 
confused  with  the  single  grade  papers  used 
in  photofirdshing.  These  (Monodex,  Urn- 
contrast ,  etc.)  are  simply  emulsions  with  a 
characteristic  curve  of  such  shape  that  the 
exposure  scale  of  the  paper  may  be  ad 
justed  to  the  negative  by  varying  the  ex 
posure  so  as  to  use  different  portions  of 
the  JD  log  E  curve. 


The  variable  contrast  papers  available 
are  designed  to  be  exposed  by  tungsten 
light.  If  fluorescent  lamps,  or  other 
sources,  are  used  the  exposures  and  the 
contrast  obtained  with  a  given  filter  will 
be  different. 

Saf  elights  for  Developing  Papers.  Since 
the  darkness  and  the  contrast  of  the  print 
must  be  judged  from  its  appearance  by 
the  safelight,  the  transmission  of  the  safe- 
light — in  addition  to  providing  adequate 
safety  for  handling  the  paper  during  de 
velopment — should  as  far  as  possible  per 
mit  the  best  possible  judgment  of  print 
contrast  and  depth  as  compared  to  subse 
quent  white  light  examination.  A  yellow 
safelight  transmitting  wave  lengths  longer 
than  500  m/x  is  usually  suitable  for  chlo 
ride  papers  and  a  yellow  of  lower  inten 
sity,  or  an  amber,  transmitting  below  550 
m/ji  for  chlorobromide  and  bromide  papers, 
but  the  increasing  use  of  dyes  to  regulate 
paper  speed  makes  generalizations  danger 
ous.  Variable  contrast  papers,  and  some 
rapid  projection  papers,  require  orange 
safelights  transmitting  beyond  600  mju 
(Fig.  27.4). 1 
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FIG.  27.4.     Spectral    sensitivity     curve    of    a 

multicontrast  paper  (Q)  and  the  recommended 

safelight  (S). 

iFrom  Centa,  Amer.  Phot.  39,  20   (1945). 

MEISTER,  Multigrade  and  Varigram,  Camera 
(Lucerne)  27,  149  (1949).  Includes  spec 
tral  sensitivity  curves  of  the  emulsions  and 
transmission  curves  of  the  filters  employed. 
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Determination  of  Printing  Exposures. 

Usually,  two  interrelated  problems  are  in 
volved  in  the  determination  of  the  expo 
sure:  (1)  the  selection  of  the  proper  con 
trast  grade  of  paper  for  the  negative,  (2) 
the  exposure  required  to  produce  a  print 
of  the  required  density.  Both  of  these  are 
ordinarily  determined  by  trial  and  error 
based  upon  the  judgment  of  the  printer 
from  past  experience,  or  from  test  strips. 

The  determination  of  printing  exposures 
from  the  measurement  of  negative  density 
has  received  considerable  study  in  recent 
years,  particularly  in  connection  with  the 
design  of  printing  equipment  for  photo- 
finishing,  where  elimination  of  losses  from 
errors  in  judgment  is  an  important  factor 
in  production.  Printers  employing  photo 
cells  to  control  the  exposure  of  the  print 
were  patented  as  early  as  1902  and  are 
now  widely  used  in  large-scale  photofinish- 
ing.  In  these,  the  total  (integrated)  den 
sity  of  the  negative  is  measured.  The 
studies  of  Tuttle,2  and  Jones  and  Nelson,3 
as  well  as  practical  experience,  have  shown 
that  measurements  of  the  integrated  den 
sity  correlate  very  well  with  the  printing 
exposure,  but  that  the  minimum  density 
of  the  negative  is  a  more  dependable  indi 
cation  of  exposure  with  negatives  having 
an  unusual  distribution  of  density.  The 
maximum  density,  often  recommended,  has 
been  found  almost  valueless  as  a  means  of 
determining  the  proper  exposure. 

The  usual  method  of  determining  ex 
posures  in  printing  is  by  test  strips.  There 
are,  however,  a  number  of  exposure  meters 
for  projection  printing.  Most  of  these  em 
ploy  photocells  to  read  the  projected  den- 

2  Tuttle,  J.  Franklin  Inst.  1937,  p.  315;  J.  Soc. 
Mot.  Pict.  Eng.  18,  172  (1932). 

s  Jones  and  Nelson,  J.  Opt.  Soc.  Amer.  32,  558 
(1942);  38,  897  (1948). 

VAEDEN  AND  KRATTSE,  Printing  Exposure  De 
termination  by  Photoelectric  Methods, 
Amer.  Ann.  Phot.  64,  30  (1950). 


sity  of  a  portion  of  the  image  on  the  easel 
and  convert  this  into  exposure  times.  There 
are  several,  however,  that  base  exposure 
on  the  light  reflected  from  the  whole  image 
as  measured  by  a  photocell.  All  meters 
must  first  be  calibrated  for  the  papers  and 
equipment  in  use.  Properly  calibrated 
and  used  they  are  a  help  in  determining 
the  approximate  exposure. 

Developers  and  Development.  With 
black  and  blue-black  emulsions,  the  usual 
developer  is  metol-hydroquinone  with  a 
relatively  large  concentration  of  alkali 
and  sufficient  potassium  bromide  to  pre 
vent  fog;  however,  some  workers  prefer 
diaminophenol.  Since  papers  of  this  type 
are  very  sensitive  to  restrainers,  the  de 
veloper  should  not  be  overworked  or  the 
color  of  the  image  will  be  degraded.  Con 
tamination  of  the  developer  with  hypo  is 
also  a  frequent  source  of  degraded  colors. 
Colder  images  may  be  produced  by  the 
addition  of  small  quantities  of  benzotria- 
zole,  potassium  sulfocyanate,  and  similar 
antifoggants.  Although  these  papers  de 
velop  rapidly,  full  development  must  be 
given  for  the  best  results. 

Metol-hydroquinone  developers  are  in 
common  use  for  warm-tone  papers  also, 
but  in  this  case  the  amount  of  alkali  is 
usually  less  and  the  amount  of  restrainer, 
usually  potassium  bromide,  is  increased. 
Papers  of  this  type  develop  more  slowly 
than  the  black  and  blue-black  papers,  and 
there  is  greater  control  over  color  and 
gradation.  Increased  exposure  and  shorter 
development  produce  warmer  images  and 
lower  contrast;  however,  as  with  cold-tone 
papers,  underdevelopment  must  be  avoided 
because  it  leads  to  degraded  blacks  and 
distorted  gradation.  If  still  warmer 
images  are  required  when  full  develop- 

SCHWARZ,  Substances  Affording  Development 
of  Bluish-Toned  Images  on  Gelatino-Silver 
Chloride  Papers,  Sci.  et.  Ind.  Phot.  (II) 
7,  113  (1936). 


WASHING 


363 


ment  is  given,  the  amount  of  bromide 
should  be  increased,  or  developers  of  lower 
potential,  such  as  metol-hydroquinone-gly- 
cin  or  chloroquinol  (adurol),  should  be 
used.  The  principal  factor  in  the  produc 
tion  of  warm  tones,  however,  is  the  emul 
sion  and  not  the  composition  of  the  de 
veloper. 

Slight  changes,  usually  not  more  than 
half  a  contrast  grade,  can  be  produced  by 
changes  in  the  composition  of  the  devel 
oper.  With  some  papers  the  use  of  more 
concentrated  metol-hydroquinone  develop 
ers  results  in  a  slight  increase  in  contrast. 
Increasing  the  proportion  of  metol  tends 
to  produce  softer  results,  while  increasing 
the  proportion  of  hydroquinone  and  alkali, 
and  particularly  the  addition  of  glycin, 
tends  to  increase  contrast.4 

Fixation  of  Developing  Papers.  The 
fine-grain  emulsions  of  developing  papers 
fix  much  more  rapidly  than  negative  ma 
terials.  In  fresh  fixing  baths  no  more  than 
1  or  2  min.  are  necessary,  but  much  longer 
times  are  necessary  in  used  fixing  baths. 
The  capacity  of  the  fixing  bath  is  limited 
by  the  adsorption  of  insoluble  silver- 
sodium-thiosulfate  complexes  by  the  paper 
base  long  before  its  ability  to  dissolve  the 
silver  halide  of  the  emulsion  is  reached.5 
With  the  typical  acid  fixing  and  hardening 
bath  containing  potassium  alum,  this  limit 
is  reached  on  the  average  with  about  thirty 
8  X  10  prints  per  gallon,  or  their  equiva 
lent.  Beyond  this  point,  there  is  danger 
that  the  insoluble  complexes  adsorbed  to 
the  paper  base  may  be  sufficient  to  cause 
staining  in  time.  If  two  baths  are  used, 
the  second  relatively  fresh,  it  is  possible, 


4  Adams,  The  Print,  Morgan  and  Morgan,  New 
York.  Yarden,  Photo-Technique  2,  32  (October 
1940).  Kett,  Brit  J.  Phot.  92,  306  (1945). 
Howell,  Brown  Blacks  by  Direct  Development,  J. 
Phot.  Soc.  Amer.  10,  155  (1944). 

s  Crabtree,  Eaton,  and  Muehler,  J.  Phot.  Soc. 
Amer.  9,  115  (1943). 


under  ordinary  conditions,  to  fix  approxi 
mately  one  hundred  fifty  8  X  10  prints 
per  gallon.  At  least  two  fixing  solutions 
should  be  used  if  the  permanency  of  the 
print  is  important.  The  first  bath  should 
be  in  good  condition  and  is  expected  to 
remove  most  of  the  silver ;  the  second  bath, 
containing  much  less  dissolved  silver  than 
the  first,  is  to  dissolve  the  remaining  silver 
halide  and  prevent  the  formation  of  in 
soluble  complexes.  Three  fixing  baths  in 
succession  are  still  more  dependable  where 
permanency  of  the  image  is  a  prime  es 
sential  and,  at  the  same  time,  are  more 
economical  in  the  use  of  hypo. 

Prolonged  fixing  will  not  result  in  ade 
quate  fixation  if  the  fixing  solution  has 
been  overworked,  so  no  useful  purpose  is 
served.  In  addition,  prolonged  fixation 
should  be  avoided  because  (1)  the  image 
may  be  partially  reduced,  (2)  the  color 
may  be  changed  by  partial  sulfiding  of  the 
image,  and  (3)  the  adsorption  of  hypo  by 
the  paper  base  is  increased  as  well  as  the 
washing  time. 

Washing.  The  time  of  washing  is  much 
longer  for  prints  than  for  negatives  be 
cause  (1)  changes  in  the  image  with  time 
due  to  retained  hypo  are  more  apparent, 
and  (2)  such  changes  are  more  likely  to 
occur  because  of  the  finer  grain  of  the 
image  and  the  retention  of  hypo  and 
silver  complexes  by  the  paper  base.  With 
only  ordinary  washing,  from  2  to  3  hr. 
are  required  for  a  high  degree  of  per 
manency.  The  washing  time  can  be  re 
duced  to  from  30  min.  to  an  hour  if  the 
prints  are  first  rinsed  and  then  placed  in 
a  weak  alkaline  solution,  such  as  a  1% 
solution  of  sodium  carbonate  for  1  min. 

An  important  factor  in  the  time  of 
washing  is  the  temperature  of  the  water. 
Washing  becomes  very  slow  at  low  temper 
atures  and  below  50°F.  an  alkaline  bath 
should  be  used  to  reduce  the  time. 

The  adequacy  of  washing  can  be  deter- 
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mined  by  tests  on  small  pieces  of  paper 
processed,  fixed,  and  washed  along  with 
the  prints,  or  on  strips  cut  from  the  mar 
gins  if  these  are  wide,  using  a  \%  solution 
of  silver  nitrate.6  Immerse  a  portion  of 
the  test  strip  in  the  solution  for  3  min., 
rinse,  and  examine  in  subdued  daylight  or 
in  tungsten  light.  The  presence  of  hypo 
is  indicated  by  a  yellow-brown  stain 
(which  may  be  faint  at  times)  in  the  por 
tion  immersed  in  the  silver  nitrate  solu 
tion. 

Permanency  of  Prints.  The  fading  of 
silver  images  is  the  result  of  the  partial 
conversion  of  the  silver  of  the  image  to 
silver  sulfide  from  (1)  the  decomposition 
of  hypo  left  in  the  image  from  insufficient 
washing,  (2)  insufficient  fixation  which  re 
sults  in  the  formation  of  complex  silver 
sodium-thiosulfates  which  decompose  to 
form  silver  sulfide,  or  (3)  attack  by  hydro 
gen  sulfide,  sulfur  dioxide,  and  other  gases 
generally  present  in  the  atmosphere,  par 
ticularly  in  industrial  localities.  Fading 
from  all  sources,  but  particularly  the  last 
named,  is  greatly  accelerated  by  high  tem 
perature  and  by  moisture. 

Prints  made  for  historical  or  other  rec 
ords  should  be  fixed  in  three  successive  fix 
ing  baths  and  thoroughly  washed  using  a 
hypo  eliminator  to  ensure  the  complete 
removal  of  hypo. 

The  following  eliminator  is  satisfactory.7 

Metric      Avoirdupois 

Water 500.0  cc.  16    oz. 

Hydrogen  peroxide 

(3%  solution) 125.0  cc.  4    fl.  oz. 

Ammonia  (3%  solution) . .  100.0  cc.  3J  fl.  oz. 

Water  to  make 1.0  liter  32    oz. 

Fading,  due  to  external  agents,  may  be 
reduced  (1)  by  sulfide  or  gold  toning,  (2) 


e  Crabtree,  Eaton,  and  Mtiehler,  J.  Franklin 
lust.  230,  701  (1940);  235,  351  (1943). 

7  Crabtree,  Eaton,  and  Muehler,  J.  Phot.  Soc. 
Amer.  6,  6  (1940). 


by  covering  the  print  with  a  waterproof 
lacquer,  and  (3)  by  drymounting  rather 
than  the  use  of  water-miscible  adhesives. 
The  latter,  being  hygroscopic,  tend  to  con 
tribute  to  facing  by  attracting  moisture  to 
the  image.  Gold  toning  is  generally  pref 
erable  to  sulfide  toning,  as  the  change  in 
the  color  of  the  print  is  so  slight  with 
many  papers  as  to  be  unimportant.  In 
using  a  lacquer,  care  should  be  taken  to 
use  only  those  which  have  been  tested  and 
found  to  be  free  of  any  deleterious  effect 
on  the  image. 

Reduction  and  Intensification  of  Prints. 
Except  for  large  prints,  it  is  usually  easier 
and  cheaper  to  make  a  new  print  than  to 
resort  to  reduction  or  intensification.  Re 
duction,  in  particular,  is  used  chiefly  as  a 
means  of  print  improvement  (and  usually 
locally)  rather  than  as  a  corrective  of 
errors  in  exposure  or  development.  Slight 
reduction  in  a  subtractive  reducer,  such 
as  ferricyanide-hypo,  for  example,  is  a 
convenient  means  of  obtaining  a  slight  in 
crease  in  contrast  and  local  reduction,  a 
convenient  means  of  lightening  and  at  the 
same  time  increasing  the  contrast  of  an 
overdark  area.  While  ferricyanide-hypo 
is  commonly  employed,  usually  after  fixing 
and  before  washing,  the  dry  print  may  be 
reduced  with  an  iodine-thiocarbamide  re 
ducer. 

Solution  A — Iodine 20  grains 

Methyl  alcohol 1  oz. 

Solution  B — Thiocarbamide 40  grains 

Water  to 1  oz. 

For  use,  take  equal  parts  of  A  and  B.  Control 
rate  of  reduction  by  dilution. 

The  dry  print  is  pinned  down  by  the 
corners  to  a  board  and  the  reducing  solu 
tion  applied  with  a  water-color  brush  of 
appropriate  size  or,  on  larger  areas,  a  tuft 
of  cotton.  In  the  other  hand  must  be  a 
larger  brush,  or  a  tuft  of  cotton,  charged 
with  methyl  alcohol.  This  is  applied  im- 
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mediately  (without  waiting  to  see  if  the 
reduction  has  gone  far  enough)  to  prevent 
further  reduction.  The  excess  alcohol  is 
then  blotted  off  and  the  operation  repeated 
if  further  reduction  is  desired.  As  soon 
as  the  area  has  been  reduced  sufficiently, 
dip  the  print  in  hypo  (without  previous 
washing)  for  2  min.  and  then  wash  and 
dry  as  usual. 

Intensification  sometimes  results  in  an 
improvement,  but  frequently  the  color  of 
the  image  after  intensification  is  displeas 
ing.  The  chromium  intensifier  produces 
good  results  with  some  papers.  Certain 
toning  processes,  such  as  copper  and  ura 
nium,  are  also  intensifiers  and  may  be  used 
if  warm  tones  are  desired. 

Toning1.  The  following  tabulation  in 
dicates  some  of  the  more  important  toning 
methods  employing  inorganic  compounds 
and  the  range  of  colors  available.  Not  all 
of  the  colors  mentioned,  however,  are  ob 
tainable  on  every  paper. 

In  some  toning  processes — e.g.,  practi 
cally  all  of  those  employing  sulfur  com 
pounds — the  toning  action  proceeds  to 
completion  and  then  stops.  With  others 
— e.g.,  copper,  uranium,  and  lead — the  ac 
tion  is  progressive;  various  colors  follow 
one  another  in  a  definite  order  and  the 
color  of  the  image  depends  upon  the  time 
of  toning. 

TONING  PROCESSES  AND  COLORS 

Sulfur Warm  black-sepia 

Hydrosulfite Warm  brown-sepia 

Gold  (black  prints) Blue-purple 

Gold  (sulfide  toned 

prints) Red 

Tin  (tannous  salts) ....  Purple-black,  sepia-brown 

Selenium Purple-brown  to  red-brown 

Copper Warm  black-red  chalk 

Uranium Warm  black-brick  red 

Vanadium Yellow  (with  iron  produces 

greenish  tones) 

Nickel Red  and  red-brown 

Dye Depends  upon  dye  used 


Some  processes  of  toning  (sulfur)  re 
duce  the  density  of  the  black-and-white 
print ;  others,  such  as  mercury,  copper, 
uranium,  and  lead,  intensify  the  image. 

The  color  of  the  image  obtained  by  any 
process  of  metallic  toning  depends  upon 
the  dispersity  of  the  silver  image,  which 
in  turn  depends  upon  the  emulsion  and 
the  conditions  of  development.  The 
smaller  the  average  size  of  the  silver  grains 
which  compose  the  image,  the  greater  the 
range  of  colors  obtainable  with  most  me 
tallic  toning  processes  and  particularly 
with  sulfur  processes.  Conditions  of  de 
velopment  which  tend  to  produce  images 
composed  of  finer  grains — as,  for  example, 
the  use  of  developers  highly  restrained 
with  a  soluble  bromide — increase  the  range 
of  tones  obtainable  by  most  toning  proc 
esses  (except  dye  toning). 

In  general,  matt  or  semi-matt  papers 
tone  more  readily  and  produce  more  pleas 
ing  effects  than  glossy  or  other  papers  with 
a  decided  luster. 

It  is  essential  for  most  toning  processes 
that  the  print  be  thoroughly  fixed  and 
thoroughly  washed.  The  use  of  fresh  fix 
ing  baths  for  fixing  and  hypo  eliminators 
in  washing  is  recommended.  Prints  which 
have  been  dried  should  be  soaked  in  water 
before  toning.  Some  processes  soften  gela 
tin  but  in  general  no  difficulty  will  be  ex 
perienced  with  prints  which  have  been  well 
hardened  in  an  acid  fixing  and  hardening 
bath,  particularly  if  dried  before  toning. 

Sulfur  Processes.  The  sulfur  processes 
are  probably  the  most  widely  used  of  all 
methods  of  toning.  The  range  of  colors 
extends  from  purplish  brown  to  a  yellow 
ish  brown,  depending  upon  the  emulsion, 
the  development  of  the  image,  and  the 
toning  process.  The  toned  image  in  every 
ease  consists  of  silver  sulfide,  the  difference 
in  color  being  due  to  differences  in  par 
ticle  size. 
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The  most  popular  of  all  sulfur  processes 
is  undoubtedly  sulf.de  toning.  In  this  the 
image  is  first  bleached  in  a  solution  which 
ordinarily  contains  potassium  ferricyanide 
and  potassium  bromide,  although  many 
other  combinations  of  an  oxidizing  agent 
and  a  soluble  halide  have  been  recom 
mended.  After  rinsing  it  is  then  con 
verted  into  silver  sulfide  in  a  solution  of 
sodium  sulfide,  although  many  other  sulfur 
compounds  have  been  suggested. 

The  reactions  are  probably  as  follows: 
Bleaching  : 

(1)  4Ag-h4K3Fe(CN)6 

-»  3K4Fe(CN)6  +  Ag4Fe(CN)6 

(2)  Ag4Fe(CN)6  +  4KBr 

-»K4Fe(CN)6-f  4AgBr 


Sulfiding  : 
2AgBr 


Na2S  -»  Ag2S  +  2NaBr 


In  hypo-alum  toning,  a  solution  of  hypo 
and  alum  is  heated  to  a  temperature  of 
100°  to  125°F.  (40°-50°C.)  at  which  point 
free  sulfur  is  liberated  and  this  attacks  the 
silver  image,  converting  it  into  silver  sul 
fide. 

The  addition  of  gold  chloride  results  in 
darker  and  colder  (more  purplish)  colors. 
The  toned  image  in  this  case  consists  of 
gold  sulfide  and  silver  sulfide,  the  latter 
predominating.8 

Selenium  Toning.  As  an  element  sele 
nium  is  related  to  sulfur  and  many  of  its 
compounds  are  analogous  to  those  of  sul 
fur.  Sodium  thiosulfate  (Na2S203)  and 
sodium  polysulfide  (Na2S2)  are  toners  eon- 
verting  the  silver  of  the  developed  image 
into  silver  sulfide,  and  the  corresponding 
selenosulfate  (Na2SeS03)  and  selenosul- 
fide  (Na2SeS)  are  toners  also,  converting 
the  image  into  silver  selenide  (Ag2Se) 
which  forms  a  dark-brown  image  with  a 
high  degree  of  permanency. 

s  Nelson,  U.S.P.  1,849,245. 


With  sodium  selenosulfate,  the  reaction 
is  probably: 

Na2Se03  4-  2Ag  -»  Ag2Se  +  Na2S03 

As  with  other  toning  processes,  the  colors 
obtained  depend  upon  the  emulsion,  the 
developer,  and  the  time  of  development. 
On  warm-tone  chloride  and  chlorobromide 
papers,  selenium  toners  produce  red-brown 
to  purple-brown  images.  Little  or  no 
change  occurs  with  cold-tone  chloride  and 
bromide  papers.  Toning  is  progressive 
and  can  be  stopped  at  any  stage  without 
double  toning. 

Gold  Toning.  Toning  in  gold  produces 
blue  or  blue-purple  images  on  warm-tone 
print  papers;  cold  tone  bromide  and  chlo 
ride  papers  show  little  change,  or  at  best 
bluish-gray  tones,  and  sulfide-toned  prints 
a  brilliant  red.  The  warmer  the  color  of 
the  print  before  toning  the  more  brilliant 
the  color.  Thus,  warm-tone  papers  are 
favored  and  in  some  cases  developers  con 
taining  glyein  or  adurol. 

The  toned  image  consists  of  gold  pre 
cipitated  on  the  silver  particles.  The  red 
obtained  by  toning  sulfide-toned  prints 
with  gold  consists  of  a  double  sulfide  of 
gold  and  silver. 

Miscellaneous  Toning  Processes.  The 
combination  of  cupric  sulfate  and  an  oxi 
dizing  agent,  such  as  potassium  ferricy 
anide,  forms  a  single-solution  toner  which 
is  capable  of  producing  a  wide  range  of 
colors  from  warm  black  through  various 
shades  of  brown  to  red  chalk,  depending 
on  the  emulsion,  the  developer,  and  the 
time  of  toning,  as  the  various  colors  follow 
one  another  in  a  definite  order  as  the  re 
action  proceeds. 

The  chemical  reactions  taking  place  are 
probably  as  follows: 

4K3Fe(CN)6  +  2CuS04  +  4Ag 


3K4Fe(CN)6 
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The  last  two  stages  in  ionic  notation  are  : 
Fe  (ON)  6  +  Ag  -»  Fe  (CN)  e  +  Ag 


The  range  of  colors  obtained  by  toning 
with  uranium  extends  from  warm  black 
through  various  shades  of  brown  to  plum 
colors  and  various  shades  of  red,  terminat 
ing  in  a  bright  brick-red.  As  with  copper, 
the  toning  action  is  progressive,  the  vari 
ous  colors  proceeding  in  a  definite  order, 
as  the  action  proceeds.9 

As  the  image  is  intensified  in  toning 
with  either  copper  or  uranium,  the  black- 
and-white  prints  should  be  lighter  than 
normal. 

Processes  of  toning  with  tin,  cobalt,  lead, 
nickel,  cadmium,  tellurium,  molybdenium, 
mercury,  and  vanadium  are  of  greater  in 
terest  from  an  experimental  standpoint 
than  practically.  With  some  exceptions, 
these  processes  either  offer  no  real  ad 
vantage  or  are  less  reliable  and  more  com 
plicated. 

Purplish-black  to  warm-black  tones  are 
obtainable  by  toning  in  an  alkaline  solu 
tion  of  stannous  chloride,  but  the  results 
vary  greatly  with  the  emulsion. 

A  variety  of  colors  ranging  from  violet 
to  red  may  be  obtained  with  cobalt,  but  the 
processes  generally  are  unreliable  and  the 
results  frequently  leave  much  to  be  de 
sired,  the  colors  being  muddy  and  the 
highlights  degraded  by  staining. 

Methods  of  toning  with  nickel  are  of 
interest  chiefly  in  three-color  photography. 


A  magenta  suitable  for  three-color  print 
ing  is  obtained  by  toning  silver  images  in 
nickel  dimethylgloxine  or  p-dimethylamino- 
benzylidenerhodanine,  and  the  yellow,  with 
nickel  ferrocyanide,  cadmium  sulfide,  or 
lead  ehromate.10 

Several  methods  of  toning  with  mercury 
have  been  described  by  Sedlaczek.11  Bleach 
ing  in  a  solution  of  mercuric  chloride  and 
potassium  bromide  followed  by  toning  in 
one  of  the  following:  (a)  hypo  and  am 
monium  thiocyanate,  (b)  hypo,  barium 
chloride,  and  ammonium  thiocyanate,  or 
(c)  hypo,  ammonium  thiocyanate,  and  sil 
ver  nitrate  produces  yellowish-brown  to 
sepia  images,  depending  upon  the  emul 
sion.  The  permanency  of  the  images  is 
open  to  question. 

Silver  telluride  (Ag2Te)  is  analogous  to 
silver  selenide  (Ag2Se)  and  like  it  forms 
a  dark-brown  image.  Tellurium  dissolved 
in  sulfide  forms  a  sulfotelluride  which, 
like  the  selenosulfate,  is  a  toner  for  warm- 
tone  silver  images.12 

Vanadium  alone  produces  deep-yellow  to 
orange-colored  images,  but  when  combined 
with  an  iron  salt,  such  as  ferric  oxalate, 
the  yellow  image  of  the  vanadium  ferro 
cyanide  and  the  blue  image  of  f  erri-ferro- 
cyanide  form  a  brilliant  green.13  The 
green  is  rather  brilliant  for  landscapes  but 
is  suitable  for  some  purposes. 


9  Sedlaczek,  Amer.  Phot.   19,  4    (1925). 


lONilsson,  Brit.  J.  Phot.  83,  503   (1936).     Sny- 
der,  B.P.   469,   133    (1937). 

11  Sedlaczek,  Brit.  J.  Phot.  72,  635   (1925). 

12  Bullock,     Brit.     J.     Phot.     68,     442     (1921). 
Thome-Baker,  Brit.  J.  Phot.  48,  827   (1901). 

isNamias,  Oder's  Jahr.  1901,  p.  171;    1903,  p. 
158.     Smith,  Brit.  J.  Phot.  60,  416   (1913). 
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DIFFUSION-TRANSFER  REVERSAL  MATERIALS 


Diffusion-transfer  reversal*  (DTK)  is 
a  processing  technique  that  has  led  to  a 
distinct  class  of  nsefnl  photographic  mate 
rials  during  the  past  twenty  years.  It 
embodies  mostly  known  principles  of 
photo-science,  applied  in  such  unique  ways 
that  the  resulting  image-forming  proce 
dures  have  advantages  not  found  in  other 
photographic  methods.  Earlier  descrip 
tions  of  DTK  are  now  known  to  have  been 
either  too  restrictive  to  convey  the  po 
tential  scope  of  the  technique  or  too  broad 
to  delineate  properly  all  of  its  technical 
aspects.  DTE  has  been  described,1  for 
example,  as  follows: 

"An  exposed  photographic  emulsion 
layer  is  developed  by  means  of  a  developer 
that  contains  a  silver  halide  solvent  while 
it  is  in  contact  with  another  layer  that  is 
not  light  sensitive,  but  which  is  usually 
specially  prepared.  In  the  course  of  form 
ing  a  negative  image  in  the  exposed  layer, 
the  developer  dissolves  sufficient  amounts 
of  the  unexposed  silver  halides  (represent 
ing  the  positive  image)  which  are  trans 
ferred  to  the  second  layer,  creating  a  posi 
tive  image  on  its  surface  by  reaction  of 
the  dissolved  silver  halides  with  substances 
usually  contained  on  the  second  support." 


*  The  expression  ' c  diffusion-transfer  reversal  *  * 
is  used  for  want  of  a  better  term;  also  to  keep 
the  title  of  this  chapter  more  in  line  with  that 
used  in  the  1952  Edition.  Its  shortcomings  be 
come  more  and  more  evident  as  new  variants  of 
the  diffusion-transfer  technique  are  developed. 
Other  expressions  that  have  been  used  in  the 
literature  such  as,  silver  salt  diffusion;  silver 
transfer;  one-step;  transfer  positive;  transfer 
copy  are  even  less  suitable. 

iVarden,  P.S.A.  Journal  13,  551-554   (1947). 


This  author  stated  2  further  that  a  posi 
tive  image  can  be  produced  on  a  nonlight- 
sensitive  layer  simultaneously  (for  all 
practical  purposes)  with  development  of 
a  negative  image  in  an  exposed  silver 
halide  layer,  although  simultaneity  of  neg 
ative  and  positive  image  formation  is  not 
a  limiting  requirement  since  an  unmis 
takable  two-step  procedure  can  be  em 
ployed  if  considered  advantageous.  Inter 
preting  "for  all  practical  purposes"  in  a 
very  broad  sense,  the  foregoing  descrip 
tion  of  DTE  as  a  simultaneous  negative 
and  positive  image  forming  system  gen 
erally  is  acceptable.  But  if  simultaneously 
is  considered  in  its  true  meaning,  as  it 
must  be  for  distinguishing  various  DTE 
applications,  the  description  is  invalid,  ex 
cept  in  particular  instances. 

Historical.  Three  workers,  in  as  many 
countries,  were  responsible  for  the  initial 
applications  of  the  DTK  technique  and 
they  continue  to  be  major  contributors. 
Eott  (Belgium),  Weyde  (Germany),  and 
Land  (United  States)  independently  of 
one  another  seem  to  have  conducted  very 
similar  investigations  during  approxi 
mately  the  same  period,  which  since  have 
led  to  the  development  of  a  wide  range 
of  materials  utilizing  DTE  principles. 
Eott3'4  first  disclosed  the  general  scheme 
of  the  new  technique  and  foresaw  its  many 


sNeblette,  Photography,  Its  Materials  and 
Processes,  5th  Ed.,  D.  Yan  Nostrand  Co.,  Prince 
ton,  N.  J.,  1952,  p.  234. 

3B.P.  614,155  (1939);  TJ.S.P.  2,352,014;  D.B.P. 
764,572;  BJB.  441,852;  B.F.  873,507;  B.I.  392,- 
302;  Ned.  O.  59,  365. 

4  Eott,  Sci.  et  Ind.  Phot.  13,  151-152   (1942). 
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advantages  in  applications  such  as  reflex 
and  direct-positive  printing.  Because  cor 
rections  for  exposure  errors  were  allowed, 
Eott 5>  6  preferred  a  two-step  procedure. 
In  one  of  his  early  methods  the  negative 
image-forming  layer  is  developed  sepa 
rately  and  then  is  brought  in  contact  with 
the  nonsensitive  reception  layer  to  form 
the  positive  image.  In  another,  a  material 
with  both  layers  coated  on  a  single  support 
is  processed  in  two  steps :  negative  develop 
ment  followed  by  treatment  in  a  transfer 
solution.  Subsequent  removal  of  the  top 
layer  in  warm  water  makes  visible  the  posi 
tive  image  formed  in  the  underlayer. 
Technically,  all  DTE  materials  so  far  in 
troduced  are  related  to  the  Rott  principle 
to  the  extent  that  at  one  stage  or  another 
a  solvent  dissolves  the  undeveloped  silver 
halides  of  the  negative  layer  and  transfers 
them  out  of  the  layer  to  form,  by  one 
means  or  another,  a  positive  image  else 
where. 

Patents  and  patent  applications  of  the 
early  1940  7s  assigned  to  the  I.  G.  Farben- 
industrie  (Agfa)  7  disclose  the  results  of 
investigations  done  at  this  firm  on  DTE 
by  Weyde.  She 8  reviewed  her  role  in  the 


s  Eott,  P.S.A.  Journal  14,  108   (1948). 

e  Ned.  O.A.  103,343  (1941);  D.R.A.  (G)  103,- 
226 ;  D.E.A.  103,824;  B.B.  444,784;  B.B.  444,785; 
B.F.  53,404/873,507;  B.F.  53,502/873,507;  B.I. 
399,129;  B.I.  399,130;  B.B.  453,209;  D.B.A.  (G) 
1,666;  Ned.  0.  60,610;  B.F.  53,513/873,507;  B.F. 
513,515/873,507;  B.I.  426,559;  B.I.  426,560;  B.F. 
900,266. 

7D.K.A.  (I)  68,718;  (I)  68,823;  (I)  69,076 
(1941);  B.B.  444,702;  B.F.  879,995;  Sehw.  P. 
240,472;  Noors.  P.  66,994;  Noors.  P.  69,510;  PB 
Eeport  No.  34,150,  Bibliography  of  Scientific  and 
Industrial  Reports,  U.  S.  Dept.  of  Commerce, 
3,822  (1946);  PB  Eeport  No.  34,188,  3,  826 
(1946);  D.E.A.  (I)  72,638;  B.B.  451,346;  B.F. 
896,127;  D.E.A.  (I)  74,117;  B.B.  457,478;  B.F. 
53,311/897,995. 

s  Weyde,  Foto-Kino-Technik  2,  No.  9,  229-232 
(1948).  Abridged  English  translation  by  Varden 
and  Krause,  Photo  Age  4,  45-46  (February  1949). 


origins  of  the  technique  following  the  pub 
lication  of  two  anonymously  authored 
papers  9  concerning  the  "  One-Minute  Cam 
era"  of  E.  H.  Land.  Weyde,  too,  stressed 
the  application  of  DTK  processing  for  doc 
ument  copying,  recommending  reflex  print 
ing  materials  for  producing  the  negative 
image.  She  described  a  processing  ma 
chine  whose  principles  are  incorporated  in 
nearly  all  available  devices  for  DTR  docu 
ment  copying  purposes.  An  exposed  "neg 
ative"  sheet  is  guided  into  the  processing 
solution  simultaneously  with  a  light  in 
sensitive  "positive77  sheet,  the  two  sheets 
being  kept  apart  from  each  other  by  means 
of  separating  guide  members.  Shortly 
thereafter  the  two  solution-wetted  sheets 
are  brought  into  contact  by  entering  be 
tween  an  endless  flexible  band  and  the 
surface  of  a  rotating  roller.  The  band  is 
only  partly  wrapped  around  the  circum 
ference  of  the  roller,  thus  permitting  the 
two  contacted  sheets  to  be  guided  outside 
the  machine  for  manual  separation.  The 
relatively  short  time  interval  required  for 
the  total  processing  led  to  the  misconcep 
tion  that  the  negative  and  positive  images 
form  simultaneously.  But  one  cannot  ig 
nore  the  fact  that  there  can  be  a  very 
appreciable  amount  of  independent  nega 
tive  image  development  in  the  light-sensi 
tive  layer  before  it  comes  in  contact  with 
the  nonlight-sensitive,  positive-image  form 
ing  sheet. 

The  independent  work  of  Land10  came 
to  light  when  he  announced  a  clever  adap 
tation  of  DTK  for  general  photography. 


9  Anon.,     Foto-Kino-TechniJc     1,     No.     3,     3-4 
(1947) ;  ibid.  1,  No.  6,  7-8  (1947).    In  the  second 
of  these,  statements  are  quoted  from  a  letter  by 
Eggert   noting   references    of    which    he   was    un 
aware  on  the  occasion  of  a  lecture  he  gave  before 
the     Schweiz.     Photo.- Verband     entitled     "Foto- 
grafische   Kuriosa"    which   included    a    discussion 
of  Land's  work. 

10  Land,  J.  Opt.  Soc.  Amer.  37,  61-77   (1947); 
P.S.A.  Journal  13,   370-380    (1947). 
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Further  details  are  available  in  the  earlier 
patents  and  patent  applications  of  Land 
and  his  co-workers.11  Land  had  found 
that  methods  suitable  for  slow  chloride  or 
bromide  emulsions  were  unsatisfactory  for 
ordinary  fast  emulsions  of  the  negative 
type.  Therefore,  his  investigations  were 
chiefly  concerned  with  the  chemical  and 
physical  requirements  of  DTR  for  high 
speed,  continuous  tone  film  materials  that 
could  be  exposed  in  amateur  cameras. 
The  concepts  that  Land  introduced  en 
abled  him  to  demonstrate12  for  the  first 
time  pictures  derived  from  an  emulsion 
of  the  negative  type  exposed  and  processed 
directly  in  a  camera.  The  means  for  the 
utilization  of  his  ideas  in  immediate  prac 
tical  ways,  as  well  as  the  extensions  of 
these  ideas  into  other  areas  of  application 
which  Land  and  his  associates  early  en 
visaged,  are  evident  in  the  patents  cited11 
and  in  many  additional  patents13  applied 


HU.S.P.  2,435,717;  2,435,718;  2,435,719;  2,- 
435,720;  2,500,421;  2,500,422;  2,530,306;  2,572,- 
357;  2,584,029;  2,584,030;  2,590,185;  2,607,685; 
2,609,296;  2,612,451;  2,616,804;  2,616,805;  2,- 
616,807;  2,634,886;  2,639,233;  2,647,055;  2,669,- 
516;  2,692,830;  2,698,238;  2,698,245  (1944-46); 
Can.  P.  459,146;  480,299;  480,300;  480,303;  480,- 
304;  489,651;  489,652;  502,377;  502,378;  502,398; 
502,399;  B.F.  941,429;  941,430;  950,235;  954,- 
979;  955,815;  963,510;  B.B.  471,206;  471,207; 
471,336;  476,512;  Ned.  0.  60,845;  75,410;  BJP.A. 
1722/48;  497/48;  1972/48;  B.P.  684,591;  684,- 
599;  706,902;  706,928;  D.R.P.  945,608;  Sehw.  P. 
289,717. 

12  Lecture  demonstration  on  Feb.  21,  1947,  at 
meeting  of  tie  Optical  Society  of  America,  New 
York,  N.  Y. 

13TT.S.P.  2,443,154;  2,451,820;  2,455,111;  2,- 
455,125;  2,455,126;  2,458,186;  2,467,304;  2,467,- 
320;  2,471,522;  2,472,358;  2,477,291;  2,477,304  5 
2,477,324;  2,483,014;  2,483,389;  2,483,390;  2,- 
483,391;  2,491,719;  2,491,769;  2,495,111;  2,495,- 
112;  2,495,113;  2,496,630;  2,497,816;  2,504,312; 
2,510,306;  2,516,398;  2,520,641;  2,525,720;  2,- 
531,936;  2,538,511;  2,543,159;  2,543,160;  2,543,- 
180;  2,543,181;  2,544,268;  2,554,889;  2,554,890; 
2,558,856;  2,558,857;  2,558,858;  2,559,643;  2,- 
563,342;  2,563,343;  2,565,376;  2,576,022;  2,579,- 


for  even  before  the  first  Polaroid-Land 
camera  became  generally  available.  These 
patents  reveal  a  wide  variety  of  novel 
camera  and  accessory  equipment  designs, 
plus  numerous  material  and  process  de 
tails. 

Now  considering  that  the  earliest  ex 
periments  on  DTK  conducted  by  Rott, 
Weyde,  and  Land  were  not  known  even 
among  these  three  researchers,  it  is  not 
surprising  that  the  history  of  the  technique 
was  at  first  confusing.  Their  incipient 
findings  were  made  during  war  years  when 
patent  publications  were  delayed  and  peri 
odical  literature  was  not  always  immedi 
ately  available.  But  despite  a  rash  of 
rather  irrelevant  discussions  that  appeared 
in  the  literature,  the  true  course  of  events 
eventually  was  clarified,14  Disclosures  be 
fore  1939  were  cited,  purported  to  have 
a  direct  or  indirect  relation  to  the  diffu 
sion-transfer  reversal  technique.  Weyde8 
relates  that  her  patent  application  was 
rejected  by  the  German  examiners  on  the 
strength  of  a  prior  observation  reported 


587;  2,584,030;  2,590,164;  2,590,165;  2,590,186; 
2,594,394;  2,600,064;  2,600,996;  2,603,565;  2,- 
612,450;  2,612,451;  2,612,452;  2,614,926;  2,630,- 
050;  2,630,385;  2,635,048;  2,644,755;  2,644,756; 
2,647,049;  2,647,056;  2,653,527;  2,653,872;  2,- 
659,673;  2,661,292;  2,661,293;  2,662,457;  2,669,- 
168;  2,698,244;  2,706,937;  2,752,834;  2,759,825; 
2,802,735;  2,877,699  (1946-48);  B.P.  691,466; 
684,595;  684,596;  686,673;  703,232;  706,921; 
Can.  P.  461,141;  466,382;  480,114;  480,917;  483,- 
632;  490,461;  492,090;  492,091;  502,380;  502,- 
381;  502,382;  502,385;  502,388;  502,390;  502,394; 
502,400;  524,605;  B.F.  941,429;  960,604;  960,- 
844;  961,150;  979,813;  1,042,851;  B.B.  471,206; 
D.R.P.  912,294;  Noors.  P.  79,569;  Zwed  P.  164,- 
834. 

i^Varden,  J.  Opt.  Soc.  Amer.  38,  69  (1948); 
Clerc,  Sti.  et  Ind.  P~hot.,  No.  4  and  No.  12  (1947). 
Introductory  comment  to  review  of  Land's  J. 
Opt.  Soc.  Amer.  article,  p.  206,  No.  7,  1947; 
Clerc,  Science  et  Vie,  pp.  45-46,  1947;  Eggert, 
Camera  (Luzern)  27,  94  (1948);  27,  186  (1948). 
Also  see  references  1,  5,  8,  and  21. 
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in  1938  by  Stevens  and  Norrish.15  Atten 
tion  also  was  called  to  the  much  earlier 
findings  of  Liesegang,16  Colson,17  and 
Stenger  and  Hertz,18'19  and  the  firm  of 
Sehering-Kahlbaum,  A.G.20 

Stevens  and  Norrish  in  their  investiga 
tions  of  photographic  reversal  phenomena 
observed  a  migration  of  silver  nuclei  from 
a  silver  halide  emulsion  to  a  plain  gelatin 
layer  on  another  plate.  They  exposed  a 
process  emulsion  behind  a  Chapman-Jones 
plate,  immersed  it  face  down  in  a  metol 
developer  for  5  see.,  and  then  pressed  it 
in  contact  with  the  plain  gelatin  coated 
plate  that  already  had  been  placed  in  the 
developer.21  The  plate  sandwich  was  re 
moved  from  the  solution  and  separated 
2  min.  later.  The  process  emulsion  was 
fixed  in  the  usual  manner  to  produce  a 
negative.  The  gelatin  coated  plate  was 
completely  washed,  then  developed  in  an 
acid-metol  physical  developer,  forming  a 
positive  image.  Silver  nuclei,  having  dif- 

is  Stevens  and  Norrish,  Phot.  J.  78,  513-533 
(1938). 

is  Liesegang,  Photo.  Corresp.  448,  9-10   (1898). 

17  Colson,  Bull.  soc.  franc.  Phot.  14,  108-111 
(1898)  ;  Phot.  Eundschau  35,  184  (1898). 

is  Stenger  and  Hertz,  Phot.  Rundschav,  61,  5-9 
(1924)  ;  Z.  wiss.  Phot.  22,  195-200  (1923) ,-  D.R.P. 
382,975  (1922). 

is  Hertz,  Giessen  Dissertation,  1923. 

2QB.F.  716,428    (1931). 

21 A  transfer  procedure  remotely  related  to  that 
of  Stevens'  and  Norrish 's  was  suggested  by  B. 
Lefevre  as  early  as  1857  (Photographic  Notes, 
Vol.  2,  1857,  p.  343).  He  prepared  a  gelatin 
coated  paper  sheet  and  pressed  it  in  contact  with 
a  freshly  developed  Daguerreotype  plate  that  had 
been  treated  in  hypo  and  washed,  but  not  com 
pletely  dried.  He  stated  that  after  a  few  minutes 
every  particle  of  reduced  silver  transferred  from 
the  plate  to  the  gelatin  surface.  The  hue  of  the 
weak  metallic  negative  image  varied  according  to 
the  density.  To  increase  the  density  he  suggested 
several  methods,  one  being  to  use  the  silver  par 
ticles  as  "the  center  of  a  catalytic  action,  which 
shall  group  around  them  fresh  molecules  of  re 
duced  silver." 


fused  from  the  unexposed  parts  of  the 
process  emulsion  into  the  gelatin  layer, 
functioned  as  development  centers  for  the 
physical  developer.  This  incidental  ob 
servation  conceivably  could  have  marked 
the  beginning  of  diffusion-transfer  reversal 
if  the  possibility  had  been  recognized  of 
transferring  (and  reducing)  silver  halides 
onto  a  layer  already  containing  nuclei.  As 
pointed  out  by  Eott  in  a  private  communi 
cation  to  Weyde,22  the  citing  of  Stevens' 
and  Norrish 's  observation  as  an  anticipa 
tion  of  the  DTR  principle  is  unjustified. 
Only  trace  amounts  of  silver  nuclei  were 
found  to  migrate  to  the  gelatin  layer,  re 
quiring  supplementary  silver  contained  in 
the  physical  developer  to  produce  the  posi 
tive  image,  whereas  DTR  processing  is  a 
self-contained  system  not  needing  an  ex 
ternal  supply  of  silver  for  positive  image 
formation. 

Liesegang  7s  diffusion-transfer  method, 
which  he  considered  of  no  practical  value, 
is  unlike  contemporary  methods  in  that 
silver  nitrate,  a  water-soluble  silver  salt, 
diffuses  to  a  layer  containing  a  developer 
and  not  developing  nuclei,  the  action  of 
which  was  unknown  in  Liesegang 's  day. 

Colson 's  work,  cited  as  a  reference  in 
U.S.P.  2,500,241  to  Land,  as  weU  as  that 
of  Stenger  and  Hertz  and  the  firm  of 
Sehering-Kahlbaum,  A.G.,  are  not  suffi 
ciently  related  to  DTR  processing  to  war 
rant  discussion.  A  review  of  these  pro 
cedures  is  given  on  pages  236  to  238  in 
the  1952  edition  of  this  work.2 

Variants  of  DTR  Processing.  As  noted 
previously,  diffusion-transfer  reversal 
processing  involving  silver  halides  may  be 
carried  out  in  several  ways.  On  the  basis 
of  the  restrictive  definition  of  DTE  dis 
cussed  on  page  368,  these  may  be  classified 
broadly,  as  follows: 


22  Weyde,  Foto-Kino-Technik  4,  22   (1950). 
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I.  The  silver  lialide  layer,  after  expo 
sure,  may  be  developed  to  a  negative  in 
the    presence    of   a   silver   halide   solvent 
and  then  placed  in  intimate  contact  with 
a  developer  soaked  sheet  of  material  which 
has  a  layer  containing  collodial  silver  or  a 
compound  capable  of  forming  a  difficultly 
soluble  silver  salt,  e.g.,  sodium  sulfide,  for 
producing  the  positive. 

II.  The  sensitive  and  nonsensitive  layers 
may  be  brought  in  contact  with  a  silver 
halide  solvent-containing  developer  simul 
taneously   and   pressed   together   immedi 
ately  so   that  the  negative   and  positive 
images  form  concurrently. 


TRANSARGO 


B::V;^V-:^ 


III.  The  sensitive  layer  may  be  coated  on 
top  of  the  nonsensitive  reception  layer  and 
removed    after    the    transfer    image    has 
formed    following    a    two-step    processing 
procedure. 

IV.  The  same  as  III  except  a  one-step 
processing  procedure  may  be  used. 

Method  I  was  utilized  by  Gevaert  for 
Transargo,  a  process  for  producing  photo 
copies  on  both  sides  of  a  paper  support. 
This  was  the  first  (1940-41)  commercially 
available  product  based  on  DTR  process 
ing.  However,  full  advantage  was  not 
taken  of  the  procedure  since  long  transfer 
times  were  required,  due  to  the  use  of  a 
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FIG.  28.1.    The  sensitive  and  nonsensitive  layers  of  Gevaert  Transargo  material 
are  coated  on  separate  supports.     The  figure  shows  schematically  how  the  nega 
tive  image  develops  in  one  layer  and  the  positive  image  forms  in  the  other  by 
diffusion  of  the  un exposed  silver  halides  to  the  receiving  layer. 

PIG.  28.2.  For  Gevaert  Diaversal  material  the  sensitive  and  nonsensitive  layers 
are  applied  over  each  other  on  a  single  support.  The  sensitive  top  layer  is 
nonhardened  and  washes  away  in  processing  to  make  the  positive  image  visible. 
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relatively  low  energy  developer.  (A 
highly  energetic  developer  containing 
caustic  alkali  was  probably  considered  in 
advisable  since  the  process  was  carried  out 
manually.)  Figure  28.1  shows  more  clearly 
how  the  transfer  image  is  formed.  Layer 
A  (upper  drawing)  is  a  silver  halide  coat 
ing  which  is  exposed  and  placed  in  an 
ordinary  metol-hydroquinone  developer. 
Layer  B  is  a  nonsensitive  coating  on  a 
separate  support  containing  developing 
nuclei  and  sodium  thiosulfate.  This  layer 
also  is  wetted  with  the  developer  and  later 
squeezed  in  contact  with  layer  A.  The 
negative  image  forms  in  the  upper  por 
tions  of  the  exposed  layer,  relative  to  its 
support;  therefore,  the  silver  halides 
which  are  to  produce  the  positive  image 
must  dissolve  and  diffuse  through  the 
negative  image  to  reach  the  reception  sur 
face.  Upon  contact  with  the  nuclei  in 
layer  B,  silver  is  released,  creating  a  com 
paratively  weak  positive  image,  strength 
ened  later  by  selenium  toning. 

Figure  28.2  shows  the  layer  arrange 
ment  of  another  DTR  product  once  avail 
able:  Gevaert  Diaversal  material.  This 
was  a  direct-positive  printing  medium,  use 
ful  for  contact  or  projection  printing  of 
color  transparencies  to  produce  mono 
chrome  reproductions.  Here  the  emulsion 
layer  A  (upper  drawing)  is  coated  on  top 
of  the  reception  layer  B,  according  to 
method  III,  both  on  the  same  support. 
Therefore,  upon  exposure  and  development 
of  the  material  the  negative  image  de 
posits  mostly  in  the  upper  strata  of  the 
sensitive  layer  away  from  the  reception 
surface.  In  the  transfer  solution  the  posi 
tive  forming  silver  halides  dissolve  and 
diffuse  more  or  less  directly  to  layer  B. 
Again,  the  nuclei  present  in  B  act  as  de 
velopment  centers  for  building  up  the 
positive  image.  In  subsequent  steps  of 
processing,  the  emulsion  layer,  being  non- 
hardened,  is  removed  by  water  treatment, 


©       © 


O        0 


FIG.  28.3.  Various  types  of  outline  and  shad 
ing  effects  can  be  obtained  with  Contour  film, 
a  special  type  of  diffusion-transfer  material, 

revealing  the  positive  image.  A  final 
toning  operation  completes  the  processing. 
Gevaert  Cont  our  film  ?  still  another  early 
but  no  longer  obtainable  DTB,  product, 
was  based  on  a  variation  of  method  III, 
described  by  Eott.23  This  was  a  novel 
material  for  producing  contour  effects 
which  could,  according  to  the  method  of 
exposure,  produce  a  simple  line  contour, 
a  double-line  contour,  shaded  contours  of 
various  types,  etc.,  as  shown  in  Fig.  28.3. 
The  layer  arrangement  of  Contour  film  was 
the  same  as  for  Diaversal,  but  the  layers 

23Rott?  Le  Procedt  44,  17-23   (1948). 
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themselves  differed  in  some  respects.  The 
top  emulsion  layer  was  unharclened,  as 
in  Diaversal,  but  was  blue-green  sensitive. 
The  lower  layer  was  hardened  and  con 
tained  nuclei,  but  it  was  also  light  sensi 
tive,  i.e.,  a  blue  sensitive  silver  halide  emul 
sion.  By  various  combinations  of  white 
and  green  light  exposure,  the  Image 
formed  in  the  lower  emulsion  during  proc 
essing  could  consist  of  a  directly  developed 
image,  as  well  as  a  transfer  image,  pro 
ducing  an  array  of  unusual  contour  re 
productions. 


LENS 


FIG.  28,4.    Schematic  view  of  Original  Pola 
roid-Land   Camera. 

In  1949  the  Agfa  plant  at  Leverkusen 
introduced  their  Copyrapid 2*  materials 
for  reflex  printing  and  subsequent  DTE 
processing  to  produce  positive  document 
copies,  using  a  method  somewhere  in  be 
tween  I  and  II.  The  reflex  negative  mate 
rial  was  a  new  type,  consisting  of  a  light 
sensitive  layer  of  steep  gradation  and  low 
speed  containing  all  the  ingredients  neees- 

s*  Die  Blitzkopie,  Foto-Kino-TechniJc  4,  25-26 
(1950). 


sary  for  development  except  the  alkali. 
The  positive  forming  layer  on  a  separate 
support  includes,  in  addition  to  the  silver 
nuclei,  compounds  that  promote  deep 
blacks  and  high  contrast. 

Land  utilized  a  novel  modification  of 
method  II  in  which  the  processing  liquid 
is  spread  in  a  thin  viscous  layer  between 
the  sensitive  and  nonsensitive  layers  as 
the  two  are  pressed  together.  He  sought  a 
system  of  photography  which  he  charac 
terized  as  follows.25  ".  .  .  a  camera  and 
a  photographic  process  that  would  produce 
a  finished  positive  print,  directly  from  the 
camera,  immediately  after  exposure.  From 
the  point  of  view  of  the  user,  the  camera 
was  to  look  essentially  like  an  ordinary 
camera,  process  was  to  be  dry ;  the  film  was 
to  be  loaded  in  one  of  the  usual  ways, 
the  positive  print  was  to  look  essentially 
like  a  conventional  paper  print,  and  this 
print  was  to  be  completed  within  a  minute 
or  two  after  the  picture  was  taken." 

A  schematic  view  of  the  original  Pola 
roid-Land  camera,  Model  95,  is  shown  in 
Fig.  28.4.  The  roll  material  consists  of 
two  paper  strips,  one  with  a  negative-type 
light-sensitive  emulsion  layer,  the  other 
with  a  nonsensitive  layer  containing  nu 
clei  for  precipitating  silver  during  simul 
taneous  development  of  the  negative  and 
positive  images.  The  two  parts  travel 
through  the  camera  at  first  independently, 
but  finally  are  brought  in  contact  after 
exposure  of  the  light-sensitive  layer  by 
passing  them  together  between  metal  roll 
ers.  Pods  attached  at  proper  intervals 
along  the  nonsensitive  strip,  containing  a 
viscous  processing  solution,  are  ruptured 
(one  after  each  exposure)  as  the  two 
strips  pass  through  the  rollers.  A  very 
thin  layer  of  the  solution  is  spread  evenly 
between  the  sensitive  and  nonsensitive 
layers.  At  normal  room  temperatures  1 

25  Land,  J.  Opt.  Soc.  Amer.  383  69-70   (1948). 
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min.  was  allowed  for  processing,  which  has 
since  been  reduced  to  10  sec.,  after  which 
a  special  door  is  opened  at  the  back  of  the 
camera  for  removing  the  positive  print. 
The  borders  are  semi-cut,  thus  are  only 
weakly  held  along  the  edges  for  conven 
ience  in  removing  the  print.  In  normal 
practice  the  negative-bearing  part  is  pulled 
through  the  camera  and  discarded. 

The  original  material  supplied  for  the 
Polaroid-Land  camera  in  late  1948,  Type 
40,  gave  sepia-colored  print  images.  In 
1950  a  material  for  black-and-white  prints, 
Type  41,  replaced  the  sepia  type.26 

Land  10  discussed  a  number  of  possible 
image-forming  sources,  all  discarded  ex 
cept  the  DTR  procedure  that  he  developed. 
However,  it  is  necessary  to  consider  his 
approach  in  classifying  the  variants  of 
image  formation  since  his  practical  success 
is  a  strong  indication  that  he  and  his 
associates  gave  considerable  thought  to 
these  variants  before  deciding  on  the  pro 
cedure.  Land's  classification  of  the  vari 
ants  includes  some  of  the  possibilities  of 
transfer  image  formation  described  by 
Colson,17  Stenger  and  Hertz,18  and  others 
which  were  said  to  be  unrelated  to  DTE 
earlier  in  this  chapter.  It  seems  to  this 
writer  that  most  of  the  image-forming 
mechanisms  discussed  by  Land  in  relation 
to  DTR  have  no  more  connection  with 
DTR  than  they  do  with  many  other  pho 
tographic  processes.  Of  course,  certain 
extensions  of  the  Land  ''primary  process" 
fall  within  the  original  concepts  of  diffu 
sion-transfer  reversal  processing,  but  if 
particular  side  reactions  of  DTR  process 
ing  become  the  primary  mechanism  by 


26Deschin,  "Land  Prints  in  Black,"  The  New 
Yor'k  Times,  July  16,  1950;  Lipton,  "New  Pola 
roid  Film"  (a  brief  review  of  paper  presented 
by  E.  H.  Land  at  May  1950  meeting  of  New 
York  P.S.A.  Technical  Section  announcing  Type 
41  material),  Pop.  Phot.  27,  pp.  24  and  26  (Au 
gust  1950), 


which  a  final  image  is  formed,  a  new  name 
and  a  new  definition  are  required. 

Land  first  suggested  the  following  classi 
fication  of  possible  image-forming  sources 
from  an  exposed  silver  halide  layer,  apart 
from  the  normal  photographic  procedure: 

Class  A — Exhausted  Developer  Proc 
esses 

Class  B — Oxidized  Developer  Processes 

Class  C — Soluble  Silver  Complex  Proc 
esses 

Class  D — Coupler  Processes 

(a)  Coupler  Analog  of  Class  A 

(b)  Coupler  Analog  of  Class  B 

(c)  Coupler  Analog  of  Class  C 

Land  regards  Class  C  as  the  primary 
process.  But  he  contends  that  any  re 
action  occurring  which  varies  in  a  point- 
to-point  relationship  with  the  latent  image 
produced  by  the  original  exposure  repre 
sents  a  potential  mechanism  by  which  an 
image  can  be  formed.  This  is  merely  a 
restatement  of  the  basic  principle  of  photo 
graphic  recording,  i.e.,  a  state  of  change 
produced  by  radiant  energy  that  can  be 
utilized  to  form  an  image  corresponding 
to  the  energy  distribution  transferred  from 
the  subject.  He  later 27  tabulated  the  vari 
ous  possibilities  in  terms  of  a  series  of 
"images,"  many  of  them  invisible  when 
expressed  purely  as  chemical  states  with 
out  regard  for  means  by  which  they  can 
be  made  the  controlling  influence  in  sub 
sequent  steps  of  visible  image  formation 
(see  Table  28.1).  It  is  apparent  that 
these  images  are  mutually  dependent,  i.e., 
the  odd  numbered  images  exist  only  as  a 
result  of  the  image  described  under  the 
succeeding  even  numbers,  and  vice  versa. 
For  an  insight  into  some  of  the  possible 
procedures  by  which  these  ten  images  can 
be  employed,  refer  to  the  original  papers. 


27  Land,  Phot.  J.  90A,  7-15   (1950). 
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TABLE    28.1 


1.  The  exposed  grains  of 
the  latent  image 

3.  The  developed  silver 

5.  The  oxidized  de 
veloper 

7.  The  neutralized 
alkali 

9.  The  hardened  gelatin 


2.  The  unexposed 

grains  of  the  latent 

image 
4.  The  undeveloped 

silver  halide 
6.  The  developer  which 

is  not  oxidized 
8.  The  alkali  which  is 

is  not  neutralized 
10.  The  unhardened 

gelatin 


Equipment  and  Materials.  DTE  appli 
cations  developed  slowly,  perhaps  because 
compromises  were  made  in  the  design  of 
materials  and  solutions  to  permit  safe 
hand  processing.  There  are  indications, 
though,  that  the  manufacturers  did  not 
fully  appreciate  in  the  beginning  what  a 
good  thing  they  had,  and  it  was  perhaps 
Land's  famous  1947  demonstration  that 
caused  any  industry  lethargy  that  may 
have  existed  to  be  replaced  by  a  policy  of 
renewed  interest  and  activity.  Only 
through  a  study  of  the  patents  28  and  other 


FIG.  28.5.    Fairchild-Polaroid    Oscillograph 
Camera. 


28  See  list  of  Apparatus  Patents  and  Applica 
tions  at  end  of  this  Chapter. 


literature29  can  the  thought  and  enthusi 
asm  associated  with  DTK  be  fully  com 
prehended. 

DTE  has  been  applied  mainly  in  three 
fields:  (a)  for  line  copying,  mostly  of  office 
and  library  documents,  (b)  for  original 
photography,  and  (c)  for  offset  litho 
graphic  printing  plates.  Thus,  the  equip 
ment  and  materials  for  DTK  can  be  dis 
cussed  in  terms  of  these  three  areas, 
although  a  few  exceptions  must  be  noted. 

Line  Copying  Equipment  and  Materials. 
An  impetus  to  the  widespread  application 
of  DTK  for  document  copying  purposes 
was  the  introduction  in  1949  o£  Blitz- 
kopie1Q  by  Agfa  (Leverkusen).  This  is 
a  copying  system  based  on  special  Copy- 
rapid  materials  and  an  automatic  develop 
ing  machine.  Weyde  had  described  in  a 
patent  assigned  to  Agfa  the  essential  re 
quirements  of  a  developing  machine,  but 
the  executives  of  this  company  invited 
outside  photocopy  equipment  manufac 
turers  to  engage  in  the  actual  production 
of  such  devices.  Bisbein  (Trikop  G.m.b.H., 
Stuttgart),  following  a  demonstration  of 
the  DTR  technique  and  an  inspection  of 
the  Agfa  machine,  began  the  marketing 
of  a  developing  unit  of  his  conception  in 
October,  1949,  which  was  adopted  by  Agfa. 
Patent  applications  filed  by  Eisbein  were 
upheld  in  Germany  'and  patents  granted 
to  him  in  other  countries  were  recognized 
by  all  document  copying  equipment  manu 
facturers,  with  the  exception  of  the  Amer 
ican  Photocopy  Equipment  Company 
(Apeco)  in  Chicago.  Six  firms  in  the 
United  States  were  licensed  under  U.  S. 
Patent  2,657,618,  but  Apeco  considered  the 
patent  invalid. 

Apeco  introduced  in  this  country  the 
first  DTE  developing  machine  for  docu 
ment  copying,  called  Autostat,  on  June 
30,  1952.  Their  Systematic  Autostat 

29  See  list  of  Literature  on  Apparatus  and 
Equipment  at  end  of  Chapter. 
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(1953);  Dial-Asiatic  (1954);  Unimatic 
(1957)  and  Director  (1958)  models  com 
bined  an  exposing  device  with  the  devel 
oping  unit.  On  November  29,  1960,  a 
Federal  District  Court  (Chicago)  declared 
all  of  the  claims  under  contention  in  Eis- 
bein's  patent  invalid,30  but  several  months 
later  the  Court  of  Appeals  reversed  this 
decision. 

Soon  after  the  introduction  of  the  Auto- 
stat  other  firms  in  the  United  States  en 
tered  the  field  with  similar  equipment,  and 
the  Photo  Records  Division  of  Remington- 
Rand31  acquired  exclusive  rights  to  the 
Rott  patent  (Gevaert)  for  the  manufac 
ture  of  materials.  However,  under  terms 
of  agreements  between  Agfa,  Gevaert,  and 
Remington-Rand,  firms  in  this  country 
could  import  Gevaert  or  Agfa  materials 
without  conflict,  although  those  firms  de 
siring  to  manufacture  materials  could  do 
so  only  under  a  sub-license  from  Reming 
ton-Rand.  Therefore,  despite  the  legal 
complexity  of  the  situation  nothing  im 
peded  the  growth  of  document  copying  in 
the  United  States  by  the  DTR  technique 
except  the  competition  of  other  copying 
methods.  In  a  period  of  less  than  ten 
years  the  market  in  this  area  reached  an 
astoundingly  high  level.  By  the  end  of 
1961  six  United  States  manufacturers  were 
supplying  the  coated  materials  (American 
Photographic  Equipment  Company ;  Anken 
Chemical  and  Film  Company;  Ansco-Oza- 
lid  Group  of  General  Aniline  and  Film 
Corporation;  Kilborn  Photo  Paper  Com 
pany;  Peerless  Photo  Products  Company; 
Photek,  Inc.;  and  the  Xerox  Corporation) 
in  addition  to  large  imports  from  Agfa 

30127  U.  S.  Patent  Quarterly,  490-500.  (De 
cision  of  Nov.  29,  1960,  District  Court,  N.D. 
Illinois,  E.  Div.,  "Copease  Mfg.  Co.  v.  American 
Photocopy  Equipment  Co.77)- 

3i  Anken  Chemical  and  Film  Company,  New 
ton,  N.  J.,  acquired  the  photographic  manufac 
turing  facilities  of  the  Remington-Rand  Division 
of  Sperry-Rand  in  1960. 
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FIG.  28.6.    The  chemical  and  physical  aspects 

of    diffusion-transfer-processing    according    to 

Land.     (Reproduced  from  /.  Franklin  Inst.  by 

permission.) 

and  Gevaert.  In  1960  sixteen  firms  were 
listed32  as  equipment  suppliers  and  two 
others  were  added  in  1961.  The  total  dol 
lar  volume  in  this  field  for  1960  was  Esti 
mated  to  be  $65,000,000,  with  a 'projected 
estimate  of  $95,000,000'  for  1965.33  ' ' 

A  new  type  automatic  exposing  and 
processing  machine  was  put  on  the  market 

32  ODE  Reproductions  Reference  Guide,  1st,  Ed., 
pp.  156-160  (1960). 

ssKnaphle,  Reproductions  Rev.  11,  40,  No.  8 
(1961). 
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in  1961  by  a  joint  venture  of  Anken, 
Ansco-Ozalid,  and  Photek.  In  this  ma 
chine  rolls  of  negative  and  positive  image- 
forming  materials  are  used  instead  of  in 
dividual  sheets.  Original  documents  are 
fed  into  the  machine  through  a  slot  and 
are  returned  undamaged  after  reflex  ex 
posure  onto  the  negative  material.  The 
latter  is  wetted  with  developer  solution 
as  it  winds  through  the  machine  and  then 
is  pressed  in  contact  with  a  moving  web 
of  positive  material.  Once  the  positive 
transfer  image  has  formed,  the  negative 
and  positive  webs  separate.  The  successive 
negative  portions  wind  onto  an  enclosed 
roll  while  the  web  with  the  positive  images 
is  directed  outside  the  machine. 

Materials  of  special  types  have  been 
introduced  to  meet  almost  every  commer 
cial  requirement.  Apart  from  the  cus 
tomary  DTR  negative  and  positive  mate 
rials,  Bylemans 34  includes  in  his  list  of 
available  materials  (as  of  1958)  the  fol 
lowing  types: 

(a)  Positive    papers    with    a    receiving 
layer  on  both  sides. 

(b)  Transparent  positive  papers. 

(c)  Double-weight  positive  papers. 

(d)  Airmail  positive  papers. 

Since  1958  the  technique  has  been  ap 
plied  in  further  areas,  e.g.,  in  the  offset 
lithographic  field  for  rapid  production  of 
printing  plates  (Gevaert).  Polaroid  made 
available  a  high  contrast  transparency  ma 
terial  (Type  146L)  for  the  rapid  produc 
tion  of  line  positive  copies  for  projection 
purposes. 

Original  Photography  Equipment  and 
Materials.  Shortly  after  the  introduction 
of  the  Model  95  Polaroid-Land  Camera 
and  Type  41  material,  previously  men 
tioned,  several  new  cameras  appeared,  all 
originating  from  the  Polaroid  Corpora 


tion.35  The  Pathfinder  (Model  110)  cam 
era  came  on  the  market  in  November,  1952. 
It  was  equipped  with  a  coupled  range 
finder,  an  //4.5  lens,  and  a  shutter  with 
speeds  up  to  l/400th  sec.,  intended,  there 
fore,  for  the  advanced  amateur  and  for 
professional  applications.  The  Speedliner 
(Model  95A)  was  introduced  in  January, 
1954,  followed  in  June  by  the  long-awaited 
smaller-size  Polaroid-Land  camera,  the 
Highlander  (Model  80)  and  a  correspond 
ing  smaller  picture  roll,  Type  31. 

In  May  of  1955  a  panchromatic  picture- 
roll  material,  Types  42  and  32,  having  an 
equivalent  ASA  Exposure  Index  of  200, 
came  on  the  market  to  replace  the  earlier 
orthochromatic  material  which  was  only 
one  half  as  fast.  In  addition,  a  picture 
roll  rated  at  400  (Type  44)  was  made 
available  for  the  larger  size  camera.36 
Later  the  Type  32  picture  roll  was  in 
creased  in  speed  to  a  daylight  exposure  in 
dex  of  400. 

A  departure  was  made  from  the  usual 
structure  of  the  picture-roll  materials  with 
the  introduction  of  Polaroid  Professional 
Pan  Land  Film  in  September,  1955.  This 
was  designated  as  Type  43  (later  discon 
tinued)  and  had  a  triacetate  film  base  for 
the  negative  emulsion  layer  instead  of  a 
paper  base.  With  an  exposure  index  of 
200,  this  film  produced  prints  with  no 
evident  graininess,  improved  sharpness, 
resolution  and  tone-reproduction  charac 
teristics,  in  addition  to  which  the  print 
contrast  could  be  controlled  by  changes  in 


34  Bylemans,   Progress  in  Photography    (1950- 
1958),   Focal  Press,   Ltd.,   London    (1958), 


ss  A  Russian  copy  of  the  Polaroid-Land  Cam 
era,  Model  95  (except  for  the  lens,  shutter,  and  a 
few  other  details)  was  introduced  in  1955  under 
the  name  Moment  Camera.  It  was  described  by 
Bunimovich,  Nauki  i  ZMzn,  p.  50,  Dec.  (1955). 
A  test  report  on  the  camera  and  picture  roll  was 
published  by  Varden,  Modern  Photography,  pp. 
104-105,  Sept.  (1957). 

36  The  first  numeral  in  the .  type  number  indi 
cates  the  camera  size,  i.e.,  "4"  corresponds  to 
the  larger  camera  and  "3M  to  the  smaller  version. 
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developing  time.  It  was  intended  for  re 
production  purposes  and  enlargement,  but 
was  not  used  extensively  for  these  pur 
poses  until  it  was  made  available  later  on 
in  4  in.  X  5  in.  film  packets  (Type  53) 
that  could  be  used  in  any  press  or  view- 
type  camera  equipped  with  a  special  film 
adapter  offered  by  Polaroid  in  October, 
1958.  A  procedure  for  reclaiming  the 
negative  was  also  given.37 

Additional  improvements  in  the  more 
or  less  standard  Polaroid-Land  cameras 
continued  to  be  made  and  new  or  revised 
model  numbers  appeared,38  but  it  was  not 
until  Polaroid  launched  their  "high-speed 
program"  in  1959  39  that  major  changes 
were  made  in  the  technique  of  Polaroid- 
Land  camera  photography.  Kadically  dif 
ferent  camera  equipment  and  materials 
were  developed  and  put  on  the  market. 
The  first  step  was  the  introduction  of  the 
3000  Speed  picture  material  (Type  47 
and  Type  37)  together  with  a  flash  at 
tachment,  called  a  "wink  light"  and  a 
photoelectrically  controlled  shutter  that 
clips  over  the  lens  and  shutter  assembly 
of  the  standard  Polaroid-Land  cameras. 
The  higher  speed  material  permitted  in 
door  picture  exposures  under  normal  room 
light,  and  the  flash  unit  provided  fill-in 
illumination  when  it  was  needed  for  indoor 
portraits,  etc.  Outdoor  exposures  on  the 
new  material  were  made  convenient  by  the 
photoelectric  shutter  attachment.  These 
developments  were  followed  by  the  intro 
duction  of  a  completely  new  series  of 
cameras  with  built-in  photoelectric  expo 
sure  control.  Models  850,  900,  and  J66  of 

37  The  Type  52  packets  for  4  in.  X  5  in.  cam 
eras  had  a  paper  base  negative  sheet  which  pre 
cluded  the  reclaiming  of  the  negative  for  normal 
projection  printing  purposes. 

ss  The  Model  700  camera  appeared  in  October, 
1955,  followed  by  Models  150  and  800  in  May, 
1957,  and  Model  110 A  in  August,  1957. 

39  Wolbarst, ' '  3  Amazing  New  Polaroid  Items, ' ' 
Modern  Phot.,  pp.  68-73,  Oct.  (1959). 


this  new  series  use  "4-type"  picture  rolls, 
whereas  one  of  the  cameras  (Model  J33) 
uses  only  Type  37  material.  The  develop 
ing  time  for  nearly  all  Polaroid-Land  pic 
ture-roll  and  film-packet  materials  was 
reduced  from  the  previous  nominal  60  sec. 
to  approximately  10  sec.  during  1961. 
Also,  a  new  4  in.  X  5  in.  film  packet  (Type 
55  P/N  was  made  available  that  produces 
both  a  print  and  negative  outside  the 
darkroom  in  20  sec.  The  negative  is 
washed  in  room  light. 

Other  Polaroid-Land  equipment  and  ma 
terials  include:  (a)  a  Print  Copier  (Mod 
els  230,  240,  and  2401  for  different  camera 
models),  (b)  a  Copymaker  (Model  208), 
(c)  Projection  Film,  Types  46  and  46-L, 
and  (d)  an 'extremely  high-speed,  short- 
exposure  scale  material  having  an  effective 
exposure  index  of  10,000.  Also,  a  special 
material  is  supplied  to  the  Picker  X-ray 
Company  which  is  used  mostly  for  emer 
gency  radiography,  and  film  packets  have 
been  produced  for  dosimetry  applications. 

Applications,  Apart  from  the  wide 
spread  application  of  the  DTK  technique 
for  document  copying  and  for  amateur 
and  professional  photography,  many  other 
practical  uses  have  developed,  primarily 
because  of  the  high  effective  speeds  obtain 
able  with  the  Polaroid-Land  system  and 
the  rapidity  with  which  finished  results 
are  obtainable.  Also,  pictures  can  be  made 
reliably  over  a  range  of  ambient  tempera 
tures  from  freezing  to  well  over  100°F. 

Hauser40  found  the  camera  useful  for 
photomicrography  in  teaching  and  re 
search.  Today  a  number  of  manufacturers 
have  available  regular  photomicrographic 
equipment  utilizing  a  specially  adapted 
camera  back  for  Polaroid-Land  materials. 
Various  devices  have  been  introduced  for 
other  scientific  purposes.  The  Fairchild- 
Polaroid  Oscilloscope  Camera  (Fig.  28.5) 


40  Hauser,  J.  Chem.  Educ.  26,  224-225   (1949). 
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is  an  example.  One  end  of  a  lightproof 
extension  tube,  which  has  a  direct-vision 
side  viewer,  fits  over  the  screen  of  the 
cathode-ray  tube,  and  at  the  other  end 
the  camera  is  attached  and  supported. 
The  shutter  is  actuated  by  the  cable  re 
lease  when  the  desired  trace  pattern  is 
seen  on  the  fluorescent  screen.  At  least 
six  other  firms  make  oscilloscope  cameras 
using  Polaroid-Land  camera  backs.41 

Johnson,42  Dryden,43  and  others44  have 
reported  on  the  value  of  the  slide  trans 
parency  materials  in  teaching  and  sales 
training. 

Rotach45  and  others46  describe  the  use 
of  on-the-spot  pictures  and  inexpensive 
copies  for  the  preparation  of  reports. 

Shaman47  published  an  illustrated  ar 
ticle  on  the  general  use  of  the  Polaroid 
Copymaker  and  Olivieri 4S  discussed  its 
application  for  television  studio  purposes. 

The  camera  as  a  tool  in  selling,49  ship 
ping  damage  claims,50  police  work,51  and 
bank  loans  52  are  cited  through  the  litera 
ture.  Wolbarst 53  gives  a  comprehensive 

41  Beattie-Coleman,     Inc.;     Allen     B.     DuMont 
Laboratories,    Inc.;    Edgerton,    Grermeshausen,    & 
Grier,   Inc.;    Electronic   Tube    Corporation,*    Hew 
lett-Packard   Co.   and   Telechrome   Manufacturing 
Corporation. 

42  Johnson,   County  Agent  and  Vo-Ag  Teacher, 
Nov.    (1957). 

43  Dryden,  Educational  Business,  Nov.   (1957). 

44  Factory  Case  "Book,  Aug.  (1959)  ;  Sales  Meet 
ings,  Jan.    (1958). 

45Kotach,  Production,  April    (1959). 

46  Ind.    Lab.,    Mar.    (1959) ;    Ind.    Phot.,    Oct. 
(1958). 

47  Shaman,   Pop.   Phot.,   Sept.    (1957). 

48  Olivieri,  «7.  Soc.  Mot.  Pict.  and  Tel.  Eng.  68, 
229-231   (1959). 

49  Sales    Management,    June    (1955) ;    Crockery 
and   Glass  Journal,   Oct.    (1958);    Display,   Sept. 
(1959). 

so  Distribution  Age,  Sept.   (1958). 
si  The  American  City,  April   (1959). 
52  Banker's  Monthly,  June   (1955). 
ss  Wolbarst,    Pictures    in    a    Minute,    1st    Ed., 
Amphoto,  New  York   (1956). 


coverage   of   eighty-two   business   applica 
tions  of  the  camera. 

Chemistry  and  Physics  of  DTK.  The 
formation  of  the  negative  image  in  the 
light-sensitive  layer  of  DTE  materials  is 
explained  along  classical  lines,  i.e.,  elec 
tronic  and  ionic  processes  occur  in  the 
silver  halide  crystals  during  exposure  to 
produce  small  latent  image  specks  which 
subsequently  act  as  a  catalyst  to  increase 
the  rate  of  reduction  of  these  silver  halide 
crystals  to  metallic  image  silver  during 
development.  The  unexposed  or  too 
weakly  exposed  silver  halide  crystals  in 
the  layer  are  reduced  at  a  very  slow  rate 
because  they  lack  a  development  nuclei 
of  sufficient  size  to  catalyze  the  reduction 
reaction.  However,  if  these  crystals  are 
dissolved  and  the  resulting  silver  halide- 
solvent  complex  comes  in  contact  with  an 
agent  that  can  function  as  a  development 
catalyst,  silver  is  released  from  the  com 
plex.  The  simplified  equations  given  by 
Eott  54  are  typical  of  those  that  generally 
apply. 


(1)  2AgCl  +  2Na2S203 


2NaCl 


The  silver  is  now  in  solution  as  part  of  a 
complex  ion.  In  the  presence  of  colloidal 
silver  nuclei,  it  can  be  reduced  by  an  alka 
line  developer.  Thus, 


(2)  Ag2S203 


+Na2C03 


2Ag+2|     | +2NajSaOi+COj+HsO 
0 


54R0tt,  Tech.  Wetensch.  Tijdschr.  17,  163-166 
(1948)  ;  Nederlands  Jaarboek  voor  FotoJcunst, 
Hengelo,  pp.  32-38  (1948/49). 
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sodium  thiosulfate  is  freed  as  the  metallic 
silver  is  formed,  and  diffuses  back  into  the 
negative  layer  to  dissolve  more  silver 
halide.  This  continued  action  of  the  silver 
halide  solvent  explains  why  such  a  small 
quantity  is  required. 

If  reduction  nuclei  were  not  present,  the 
diffusion  of  the  dissolved  silver  halides 
would  cease  as  soon  as  equilibrium  was 
reached,  i.e.,  when  the  concentration  of  the 
silver  halide  complex  became  equal  in  both 
layers.  However,  the  nuclei  prevent  equi 
librium,  and  so  the  reaction  can  continue 
until  the  positive  image  is  fully  formed. 

The  nuclei,  or  "fogging"  agents,  have 
been  stated  to  fall  into  two  classes  of  sub 
stances.  Colloidal  metals,  metal  sulfides, 
colloidal  sulfur,  etc.,  are  agents  of  one 
class  which  act  directly  as  reduction  nuclei 
for  the  dissolved  silver  halides.  Sub 
stances  of  the  second  class  do  not  function 
as  nuclei  themselves  but  may  form  such 
nuclei  by  reaction  with  the  dissolved  silver 
halides,  either  by  reduction,  as  in  the  case 
of  stannous  chloride,  or  by  the  formation 
of  difficultly  soluble  compounds,  as  in  the 
case  of  sodium  sulfide.  Luppo-Cramer  55 
confirmed  Beuker's  findings  that  stannous 
chloride  has  no  reducing  power  unless 
made  alkaline.  Therefore,  one  might  ex 
pect  this  compound  to  be  suitable  for  cer 
tain  image  transfer  materials  because  it 
would  not  reduce  silver  halides  in  contact 
with  it  until  made  alkaline  by  the  devel 
oper.  Also,  the  silver  formed  in  alkaline 
stannous  chloride  is  a  yellowish-brown  col 
loidal  type  which  is  more  effective  in  trans 
fer  processes  than  the  less  dispersed  gray 
ish  silver.  However,  stannous  chloride, 
and  in  general  substances  of  the  second 
class,  must  not  be  as  suitable  as  other 
agents  in  actual  practice  because  they  are 
seldom  stressed  in  connection  with  the 
process.  It  seems  as  though  colloidal  silver 

ss  Luppo-Cramer,  Photo.  Industrie,  pp.  515-516, 
April  26  (1939). 


and  heavy  metal  sulfides  are  preferred, 
used  with  various  addition  agents  to  ac 
celerate  silver  precipitation,  promote  neu 
tral  tone  images,  etc. 

The  quantity  of  development  nuclei 
necessary  in  the  receiving  layer  is  ex 
tremely  small.  Arens56  studied  the  cata 
lytic  action  of  silver  particles  in  physical 
development,  and  Eggert 57  and  Eott 58 
have  discussed  the  subject  as  related  to 
DTE  processing.  Arens  showed  that  when 
using  artificially  produced  colloidal  sil 
ver,  more  silver  is  deposited  in  subsequent 
physical  development  the  smaller  the  size 
of  the  colloidal  particles  for  equal  total 
mass  of  silver.  He  also  concluded  that  if 
the  silver  nuclei  are  present  in  equal  num 
bers  the  same  amount  of  silver  is  deposited 
per  unit  area  regardless  of  the  mass  of 
the  nuclei  particles.  Nuclei  of  colloidal 
gold  or  silver  sulfide  acted  in  the  same 
manner.  The  actual  mass  of  the  silver 
nuclei  in  the  exposed  shoulder  region  of 
a  relatively  insensitive  photographic  emul 
sion  was  found  to  be  10~7  to  10"15  gram. 

Kott  showed  that  useful  nuclei  for  DTK, 
processing  are  smaller  than  those  best 
suited  for  ordinary  physical  development. 
Considering  the  fact  that  the  latter  are 
found  in  quantities  of  the  order  of  10~4 
mg.  per  square  meter,  the  quantity  present 
in  the  receiving  layer  of  a  DTR  material 
must  be  very  small  indeed.  Eott  further 
states  that  the  chemical  constitution  of  the 
nuclei  preferred  for  transfer  purposes  is 
not  the  same  as  that  most  adapted  for 
physical  development.  Arens  had  found 
no  difference  in  activity  between  silver  and 


se  Arens  and  Eggert,  Zeit.  'Ele'ktrochem.  35, 
728,  733  (1929);  Axens^gfa-Veroeffentttchunffen, 
III,  32-46  (1933). 

57  Eggert,  Helv.  CMm.  Acta.  30,  2114-2119 
(1947). 

ss  Eott,  ' '  Paper  presented  at  Photographic  Con 
ferences  at  Liege — April  15-17,  1948,"  reported 
by  Hautot,  Sci.  et  Ind.  Phot.  2,  322-325  and  by 
Eggert,  Camera  (Luzern)  27,  215-217  (1948). 
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silver  sulfide,  whereas  Rott  found  certain 
forms  of  silver  sulfide  nuclei  more  active 
for  transfer  development.  Mere  transfor 
mation  of  relatively  inactive  silver  nuclei 
to  silver  sulfide  does  not  increase  their 
activity.  Thus,  the  activity  of  the  nuclei 
depends  upon  their  form  and  dimensions. 
Land 59  published  eleetronmicrographs  of 
metal  sulfide  galaxies  in  the  receiving  layer 
of  a  Polaroid  material  and  at  20,000  X 
the  individual  particles  were  not  resolved. 

Land  also  discussed  at  length  the  reac 
tion  mechanism  of  DTK  as  it  applies  to 
the  methods  he  employs.  Heavy  metal 
sulfides  aggregated  in  galaxies  of  chosen 
diameter  and  so  maintained  throughout 
the  process  are  used  cyclically  by  Land 59 
to  deposit  silver  in  arrays  of  desired  di 
ameter  and  constancy  of  diameter.  By 
correctly  adjusting  the  alkali,  silver  halide 
solvent,  and  development  agent  to  the  min 
imum  quantities  needed,  and  by  distrib 
uting  these  in  a  viscous,  thin  layer  of 
liquid  agent  between  the  negative  and 
positive  sheets,  the  three  potential  "  im 
ages  ??  established  (the  developer  oxidation 
image,  the  alkali  neutralization  image  and 
the  image  in  available  silver)  can  be  used 
in  conjunction  and  in  support  of  one  an 
other  to  achieve  a  symmetry  between  the 
negative  and  positive  image  formations, 
and  to  ensure  a  desired  extraction  of  silver 
from  the  negative.  Cyclic  use  of  the  silver 
halide  solvent  and  sulfide,  along  with  the 
preservation  of  the  sulfide  ion  by  the 
presence  of  an  excess  of  metal  ions,  makes 
possible  the  formation  of  a  dense  image 
containing  only  trivial  amounts  of  silver 
halide  solvent  and  sulfide  ion.  As  a  result 
images  are  obtained  which  are  stable  and 
which  have  perfect  homogeneity  of  hue 
from  highlight  to  shadow  densities. 

Land  studied  a  wide  variety  of  overall 
characteristics  curves  for  the  process  and 

59  Land,  Phot.  J".  90A,  7-15   (1950). 


developed  a  preferred  curve  which,  at  that 
time,  appeared  best  suited  for  recording 
scenes  in  haze,  sunshine,  or  shadow,  as  well 
as  by  flashlight.  The  contrast  of  the  prints 
obtained  is  controllable  within  limits  by 
variations  in  processing  time,  and  Land 
published  a  family  of  curves  illustrating 
the  effect  of  time  on  print  contrast.8 

According  to  Land,  the  less  readily  re 
ducible  silver  thiosulfate  complex  trans 
ports  silver  ions  from  the  negative  and 
then  gives  up  its  silver  to  the  heavy  metal 
sulfide  on  the  positive  forming  layer,  pro 
ducing  the  thiosulfate-insoluble,  but  more 
readily  reducible,  silver  sulfide.  Silver 
sulfide  does  not  precipitate  as  such  because 
the  silver  ion  is  reduced  to  silver  metal. 
This  completes  a  chain  of  reactions  at  the 
end  of  which  thiosulfate  and  sulfide  ions 
are  free  for  further  reaction.  The  sulfide 
is  initially  aggregated  into  clusters  which 
ensure  that  the  deposited  silver  atoms  are 
built  into  arrays  of  large  enough  diameter 
for  absorbing  visible  light.  These  arrays 
must  also  have  adequate  constancy  in  di 
ameter  so  that  highlight  and  shadow  of 
the  positive  are  of  the  same  hue.  Migra 
tion  of  the  sulfide  ions  during  precipita 
tion  of  silver,  if  permitted,  will  fog  the 
negative  in  exposed  regions,  weakening  the 
positive.  It  will  also  disarray  the  correct 
aggregation  of  the  sulfide  ion,  causing  sil 
ver  precipitation  to  initiate  in  the  positive 
at  many  points  so  that  an  enormous  num 
ber  of  silver  grains  form  and  thereby  di 
minish  the  density  of  the  positive  and  give 
it  a  yellowish  hue.  These  dangers  are 
avoided  by  introducing  into  the  sheet  car 
rying  the  galaxies  of  sulfide  a  relatively 
high  concentration  of  a  soluble  salt  whose 
metal  ions  are  such  that  the  sulfide,  freed 
from  its  original  site  by  the  reduction  of 
the  silver,  is  at  once  captured  before  it 
can  leave  that  site  and  be  reprecipitated 
as  the  sulfide  of  the  metal  of  the  soluble 
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salt.  (For  a  more  detailed  account  of  the 
chain  of  reactions  involved  see  Land.27) 

In  discussing  Type  41  film,  Land 60  dis 
closed  his  technique  for  packing  silver 
atoms  into  masses  less  dense  than  the 
silver  in  mirrors  and  yet  not  insulated  by 
long-chain  molecules  of  a  plastic.  He  ex 
pressed  the  view  that  in  ordinary  photog 
raphy,  each  silver  halide  grain  preempts 
a  specific  volume  in  the  colloid  binder  and 
that  development  proceeds  in  such  a  way 
that  an  aggregation  of  silver  filaments  (or 
in  some  cases  spheres)  is  then  packed  into 
this  volume.  He  concluded  that  silver  in 
this  form  has  just  the  right  property  to  be 
black  and  nonreflecting.  Thus,  his  ap 
proach  to  the  transfer  problem  is  to  create 
in  the  positive  image-forming  sheet  a  sub 
stitute  for  this  pre-empted  volume. 

The  tendency  in  precipitating  silver 
from  solution  is,  of  course,  to  form  col 
loidal  silver  in  which  relatively  small 
masses  of  silver  are  insulated  from  each 
other  by  the  dispersing  medium.  It  is 
Land's  opinion  that  the  problem  to  be 
considered  in  producing  by  the  DTR  sil 
ver  method  which  has  nearly  nonselective 
spectral  absorption  characteristics  centers 
around  the  creation  of  a  positive  image- 
forming  sheet  that  will  effect  the  deposi 
tion  of  silver  atoms  in  the  form  of  aggre 
gates  having  high  enough  conductivity  and 
large  enough  diameter  to  be  black,  like  the 
black  of  ordinary  photographic  positive 
paper,  and  yet  not  be  deposited  so  densely 
as  to  create  a  mirror.  Land  solved  his 
own  problem  along  this  line  of  thought  by 
aggregating  the  metal  sulfides  which  pre 
cipitate  the  silver  in  galaxies  and  by 
preventing  diffusion  of  the  sulfide  ion.  De 
spite  his  practical  success  it  cannot  be  con 
cluded  that  Land's  concepts  on  the  rela 
tionship  between  the  form  and  distribution 
of  silver  particles  and  their  absorption 

eo  E.  H.  Land,  Unpublished  address  before  the 
N.  Y.  Section,  P.S.A.  Technical  Div.,  May  2,  1950. 


properties  is  definitive.  One  of  the  prin 
ciple  questions  raised  for  discussion  at  the 
1961  "International  Colloquium  on  Photo 
graphic  Science"  held  in  Zurich,  Switzer 
land,  was,  "Why  is  developed  silver 
black?"61  There  seems  to  be  no  general 
answer  to  this  question.  Matejec  (Agfa) 
presented  data  to  support  the  conception 
that  a  metal  is,  or  is  not,  a  conductor, 
depending  upon  its  thickness.  It  was  also 
pointed  out  that  developed  silver  filaments, 
although  approximately  200  A  wide,  are 
only  one  third  of  this  in  thickness. 
Schwab  (Institute  of  Physical  Chemistry, 
Munich  University)  called  attention  to  his 
observation  that  silver  sulfide  will  form 
filaments  when  developed,  the  same  as 
silver  halides,  and  van  Veelen  (Gevaert) 
said  that  silver  thiosulfate  also  will  form 
filaments  when  reduced  in  the  presence  of 
certain  tetrazoles.  Many  recent  studies 
point  to  the  complexity  of  this  subject. 
Some  show  fairly  good  correlation  between 
silver  particle  size  or  form  and  color; 
others  show  very  little  correlation.  The 
papers  by  Wiegel,62  Pinoir,  Thornton  and 
Baby,68  Koerber,64  Cassiers,65  James  and 
Vanselow,66  Altman  and  Lamberts,67  Fu- 
taki  and  Ohyama,68  and  Klein  and  Metz 69 
are  of  particular  interest.  The  view  ex- 


si  Internationales  Kolloquium  iiber  mss.  Photo 
graphic,  Zurich,  Sept.  9-11  (1961).  Comments 
here  "based  on  notes  taken  during  personal  at 
tendance  at  the  Colloquium. 

62  Wiegel,  Zeit.  Physik  136,  642   (1954). 

ss  Pinoir,  Thornton  and  Baby,  Proc.  Int.  Conf. 
on  Science  and  Applic.  of  Phot.,  E.  S.  Schultze 
(ed.),  Eoyal  Phot.  Soe.,  London  (1955). 

64  Koerber,  Sci.  et  Ind.  Phot.  27,  475  (1956). 

65  Cassiers,  Sci.  et  Ind.  Phot.  28,  36   (1957). 
ee  James  and  Vanselow,  Phot.  Sci.  and  Eng.  1, 

104    (1958). 

67  Altman  and  Lamberts,  Phot.  Sci.  and  Eng. 
2,  160  (1958). 

esFutaki  and  Ohyama,  Phot.  Sci.  and  Eng.  4, 
256  (1960). 

es  Klein  and  Metz,  Phot.  Sci.  and  Eng.  5,  5 
(1961). 
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pressed  by  Cassiers  that  the  color  of  a 
silver  deposit  depends  more  upon  the 
characteristics  of  the  surface  of  silver  de 
posits  than  upon  size  seems  to  be  gaining 
favor. 

All  isolated  observations  of  this  type 
tend  to  becloud  the  primary  facts.  In  the 
opinion  of  the  writer,  a  complete  solution 
to  the  general  problem  will  not  be  achieved 
until  the  spectral  absorptance  (and  re 
flectance)  properties  of  silver  metal  are 
measured  for  all  wave  lengths  in  the  visible 
spectrum  to  an  accuracy  of  four  or  five 
decimal  points. 

Land  has  further  explained  that  the 
mechanism  by  which  he  has  made  his  pro 
cedure  operative  over  a  wide  range  of 
temperatures  is  by  the  achievement  of  a 
symmetry  between  the  type  of  reaction  in 
the  negative  and  the  type  of  reaction  in 
the  positive,  such  that  changes  in  tempera 
ture  change  the  rate  of  negative  and  posi 
tive  image  formation,  increasing  or  de 
creasing  both  together.  This  symmetry  is 
the  result  of  forming  and  reducing  silver 
sulfide  to  give  the  positive  and  of  initially 
confining  the  processing  liquid  in  a  thin 
uniform  layer  between  the  negative  and 
positive  sheets. 

For  the  print  to  have  acceptable  perma 
nence,  several  mechanisms  have  been 
worked  out  by  Land 8  and  two  of  these 
have  been  successfully  embodied  in  the 
materials  of  Polaroid.  One  of  these  is  the 
controlled  diminution  of  the  alkalinity  of 
the  viscous  processing  solution  and  the 
positive  print  during  the  last  stages  of 
print  formation  by  neutralizing  agents 
contained  within  the  sandwich  of  the 
positive  and  negative  sheets.  The  other  is 
to  concentrate  the  reaction  products  of 
image  formation  in  the  viscous  processing 
solution  which,  in  current  Polaroid-Land 
films,  adheres  entirely  to  the  negative  so 
that  when  the  positive  is  peeled  off,  it  con 
tains  only  transferred  silver  and  is  free 


from  both  staining  and  oxidizing  reaction 
products. 

That  very  small  quantities  of  developer 
components  are  necessary  to  process  a 
single  transfer  image  is  clearly  indicated 
from  the  data  given  by  Land30  for  his 
normal  one-step  continuous-tone  process. 
A  viscous  layer  of  processing  solution  only 
0.003  in.  thick  spreads  between  the  emul 
sion  and  the  positive-image  forming  sur 
face,  amounting  to  but  0.05  ml.  of  solution 
per  square  inch.  The  liquid  components 
of  the  viscous  solution  are  immediately  im 
bibed  by  the  emulsion  of  the  negative  mate- 
terial 70  which  swells  many  times  its  dry 
thickness,  whereas  the  very  thin  layer  on 
the  positive  image-forming  material  can  be 
made  to  adsorb  practically  none  of  the 
liquid  parts  of  the  processing  solution. 
Consequently,  the  layer  between  the  nega 
tive  and  positive  surfaces  eventually  con 
sists  almost  entirely  of  the  thickening 
agent,  on  the  order  of  only  0.0001  in.  thick. 

Land  70  published  three  simplified  draw 
ings  to  explain  the  chemical  and  physical 
aspects  of  diffusion-transfer  processing  as 
employed  by  him.  These  are  shown  in 
Figs.  28.6  A,  B,  C.  The  symbol  D  repre 
sents  the  developer,  H  the  silver  halide 
solvent  (shown  in  quotations  to  indicate 
that  it  is  not  necessarily  "hypo"),  and  S 
the  available  silver.  The  small  black  rec 
tangles  on  the  upper  surface  of  the  posi 
tive  material  depict  the  reduction  catalyst. 
The  first  of  these  figures  simply  shows  that 
at  the  start  the  developer  and  solvent  are 
free  to  act  upon  either  the  exposed  or 
unexposed  crystals.  Land,  in  discussing 
his  second  figure,  states  that  when  the 
liquid  components  of  the  viscous  reagent 
are  taken  up  by  the  silver  halide  emulsion 
a  competition  exists  between  the  developer 
and  the  solvent,  but  that  the  developer 
prevents  the  solvent  from  dissolving  the 

70  Land,  /.  FranUin  Inst.  263,  121-128  (1957). 
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exposed  crystal  by  reducing  it  to  insoluble 
metallic  silver.  The  actual  mechanism 
probably  is  more  complex,  but  the  relation 
ship  between  the  developing  and  dissolving 
rates,  as  well  as  the  induction  periods 
of  the  developer  system  and  the  solvent, 
are  principal  determinants.  Zyuskin 71 
claims  that  unexposed  AgBr  crystals  close 
to  exposed  crystals  dissolve  faster  in  con 
ventional  developers  (which  exert  silver 
halide  solvency  action)  than  crystals  some 
what  displaced  from  developing  crystals. 
James  and  Vanselow  72  described  a  method 
for  measuring  the  rate  of  solution  of  silver 
halide  crystals  in  an  emulsion  and  later 
they  rs  discussed  the  part  that  silver  halide 
solvents  play  in  practical  development. 
Developing  crystals  provide  silver  sites  on 
which  silver  ions  in  solution  can  be  re 
duced,  and  the  irreversibility  of  this  reac 
tion  further  promotes  the  solution  of  silver 
halide  grains.  The  authors  also  have 
shown 72  that  solution-physical-develop 
ment  occurs  to  a  considerable  extent  in 
the  lower  exposed  levels  of  emulsions  when 
developed  in  vigorous  developers  contain 
ing  thiosulfate  ions.  Pontius  and  Thomp 
son  74  present  some  interesting  conclusions 
on  this  subject  also  for  substituted  p- 
phenylenediamine  developing  agents.  Now 
since  the  positive  sheet  in  the  Polaroid- 
Land  procedure  is  present  at  the  time  the 
processing  reagent  invades  the  exposed 
negative  emulsion,  the  necessary  nuclei  are 
immediately  available  for  removing  silver 
ions  from  solution.  Thus,  it  seems  quite 
plausible  that  the  unexposed  crystals  can 
be  dissolved  simultaneously  with  the  de- 


71  Zyuskin,   Uspefchi  Nauch.  Fot.    (Akad,   Nauk 
S.S.S.B.,  Otdel.  Khim.  Nauk)   3,  212    (1955). 

72  James    and   Vanselow,   Phot.   Sci.    and   Tech. 
2,  135   (1955). 

73  James   and   Vanselow,   Phot.   Eng.   7,    90-97 
(1956). 

74  Pontius  and  Thompson,  Phot.  Sci.  and  Eng. 
1,    45-51    (1957). 


velopment  of  the  exposed  crystals.  The 
silver  ions  put  in  solution  by  the  solvent 
from  exposed  grains  could  be  reduced  at 
the  point  of  dissolution  by  solution-physi 
cal-development  ;  therefore,  the  reduction 
of  the  exposed  crystals  could  proceed  with 
out  diffusion-transfer  arising  from  these 
crystals. 

It  is  usually  concluded  that  the  reaction 
mechanism  in  DTK  processing  is  a  highly 
perfected  form  of  physical  development. 
This  is  an  oversimplification  if  both  the 
negative  and  positive  forming  layers  are 
considered.  Whether  a  clear  separation 
of  chemical,  physical,  and  solution-physical 
development  can  be  made  for  all  phases 
and  at  every  instant  in  DTK  processing 
is  questionable.  From  the  standpoint  of 
utility,  which  some  people  consider  the 
only  thing  of  importance,  factual  evidence 
shows  that  DTE  processing  offers  several 
distinct  advantages  in  practice.  First,  no 
loss  in  sensitivity  results  from  DTR  proc 
essing,  whereas  for  pure  physical  develop 
ment,  as  usually  applied,  the  emulsion 
must  be  given  considerably  more  exposure 
than  normal.  In  DTR  processing  strong 
developers  are  usable,  and  even  preferred ; 
but  for  physical  development  only  develop 
ers  of  weak  reducing  power  are  suitable; 
otherwise,  the  silver  salt  in  the  solution 
will  be  reduced  prematurely.  Therefore, 
DTR  images  form  much  more  rapidly  than 
physically  developed  images.  A  further 
advantage  of  DTR  processing  over  ordi 
nary  physical  development  is  its  freedom 
from  fog,  because  only  the  silver  halide 
representing  the  positive  image  reaches  the 
positive-forming  layer  and  metallic  silver 
fog  remains  in  the  negative  layer  since  it  is 
insoluble. 

Special  Chemical  Considerations.  When 
one  first  experiments  with  DTR  processing 
using  materials  of  his  own  make,  one  of 
the  first  observations  that  is  invariably 
made  is  the  tendency  for  the  color  of  the 
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transferred  image  to  be  yellowish.  Sev 
eral  different  means  have  been  proposed  to 
encourage  the  formation  of  neutral  or 
blue-black  images.  One  is  to  incorporate 
thiosulf ate  in  the  positive  forming  layer  as 
well  as  in  the  processing  solution.  This 
assures  a  high  local  concentration  of  thio- 
sulfate  since  the  quantity  contained  in  the 
developer  is  rather  small.  Under  these 
conditions  the  image  is  more  easily  made 
black,  undoubtedly  related  is  some  com 
plex  manner  with  the  form  of  the  silver 
deposit.  Organic  agents  are  also  used  for 
producing  neutral  blacks,  such  as  mercap- 
tothiazoles,  mercaptotetrazoles,  and  benz- 
thiazoles,  sometimes  in  combination  with 
other  agents  that  help  to  maintain  good 
blacks  even  under  tropical  temperatures.75 

To  maintain  clean  whites  the  oxidation 
products  of  residual  developer  can  be  pre 
vented  by  causing  the  final  print  surface 
to  be  non-alkaline  by  release  of  acid  and 
buffering  compounds.  Another  approach 
is  to  employ  reducing  agents  whose  oxida 
tion  products  are  colorless  and  which  also 
have  the  property  of  reacting  with  the  de 
veloper  oxidation  products  to  form  color 
less  end  products.  Examples  are  ascorbic 
acid  and  dihydroxymaleic  acid.  Treat 
ment  of  prints  with  compounds  having 
SH,  NH,  or  both,  groups  has  also  been 
suggested,76  as  well  as  the  use  of  nondiff us 
ing  developing  agents  in  the  negative 
layer. 

Developing  accelerators  can  be  used 
somewhat  more  freely  in  DTK  processing 
than  in  conventional  photographic  devel 
opment  because  the  silver  fog  that  accom 
panies  the  use  of  such  agents  does  not 
transfer.  These  can  be  added  to  the  mate 
rial  itself  or  to  the  developer,  according 
to  the  circumstances.  Various  amines,  hy- 
drazine,  guanidine,  etc.,77  2-amino-mer- 

75  B.B.  542,151. 

76B.B.  527,272;  D.B.P.  946,327. 

7TB.P.  695,915. 


capto-l?3,4-thiadiazole,78  as  well  as  other 
agents  and  methods  are  disclosed  in  the 
patent  literature. 

Several  methods  of  a  chemical  nature 
have  been  suggested  for  multiple  print 
production  from  the  same  negative.79  Ke- 
tarding  the  formation  of  the  dissolved  sil 
ver  halide  complex  so  that  all  of  it  will 
not  be  consumed  in  producing  the  first 
print  is  one  simple  technique,  whereas  a 
more  involved  method  calls  for  a  delicate 
variation  in  the  quantity  of  solvent  con 
tained  in  successive  positive  forming 
sheets.  Sievers80  gives  a  general  discus 
sion  of  the  problems  in  multiple  copy  pro 
duction  by  DTK. 

The  stability  of  Polaroid-Land  prints 
was  in  the  beginning  a  matter  of  major 
concern  to  consumers.  Various  chemical 
steps  have  been  taken  to  make  the  prints 
equally  as  stable  as  conventional  photo- 
finishing  prints.  First  of  all,  when  sepa 
rating  the  negative  layer  from  the  print 
practically  all  of  the  processing  reagent 
strips  from  the  print  surface.  Second,  the 
print-eoater,  long  since  provided  in  each 
picture  roll,  contains  substances  that  in 
hibit  staining  caused  by  trace  amounts  of 
residual  reagent  and  also  compounds  that 
take  up  atmospheric  sulfur-containing 
gases.  It  has  been  determined  in  addition 
that  a  single  swipe  of  the  coater  over  the 
very  thin  image  layer  gives  a  "wash" 
equivalent  to  a  prolonged  washing  of  a 
normal  photographic  print.81  Moreover, 
the  plastic  coat  left  on  the  print  is  non- 
permeable  to  moisture  once  is  dries. 

High  Speeds  and  Image  Quality,  Often 
a  puzzle  is  how  the  Polaroid-Land  system 
can  achieve  such  high  effective  speeds  and 
still  produce  prints  that  are  virtually 

78  Can.  P.  627,957. 
79D.R.P.  764,572. 

so  Sievers,  PSA-Phot.  Science  and  Tech.,  Series 
II,  2,  75-78  (1955). 

si  Private  communication  from  E.   H.   Land. 
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grainless,  excellent  in  resolution  and 
sharpness,  superb  in  tone  reproduction 
qualities,  and  with  clean  whites  and  good 
image  color.  Some  of  the  contributing  fac 
tors  have  already  been  mentioned  in  other 
connections.  These  will  be  mentioned  only 
briefly  in  this  section. 

For  the  high-speed  picture-roll  mate 
rials,  e.g.,  Speed  3000  material,  the  nega 
tive  emulsion  is  an  inherently  fast  nega 
tive  type.  It  could  not,  however,  begin 
to  accomplish  the  same  final  results  if  used 
according  to  the  traditional  procedures  of 
photography  compared  to  its  results  ob 
tained  with  the  Polaroid-Land  DTR  pro 
cedure.  The  maximum  sensitivity  prob 
ably  is  obtained  from  the  silver  halide 
negative  emulsion  by  the  following  means: 

(1)  Only  the  upper  strata  of  the  nega 
tive  emulsion  has  to  be  exposed  because  a 
DTR   print    of   good   overall   density   re 
quires  much  less  silver  than  is  needed  for 
obtaining     satisfactory     negatives.       The 
covering  power  of  the  silver  in  the  print 
image  is  approximately  five  times  as  great 
as  in  the  negative. 

(2)  The  extreme  toe  region  of  the  nega 
tive  material   can  be  used  to  record  the 
luminances  of  the  subject  since  the  con 
trast  attainable  in  diffusion  transfer  can 
be  unusually  high  and  still  preserve  ex 
cellent  tone  reproduction.     Unit  process 
ing  with  a  meter ed  quantity  of  developer 
provides  the  control. 

(3)  The  developing  reagent  is   consti 
tuted  so  as  to  give  maximum  negative  sen 
sitivity.    The  developing  agent  can  be  one 
that  is  highly  efficient,  i.e.,  catalyzed  by 
a  minimum  size  latent  image,  which  might 
have   a   near-zero   life   if  used  normally. 
This  is  made  possible  by  preparing  the 
reagent  and  filling  the  pods  in  a  nitrogen 
atmosphere  throughout.     The  reagent  in 
cludes     accelerators    which    further    con 
tribute  to  the  development  efficiency,  and 
any  fog  resulting  from   their  use   is   of 


little  importance  since  it  remains  in  the 
negative.  The  solvent  present  can  make 
available  internal  latent  image  develop 
ment  centers. 

(4)  Resolution    and   sharpness   can   be 
high  in  the  print  because  the  transfer  dis 
tance  from  the  surface  of  the  negative  to 
the  positive  image-forming  surface  is  so 
short  that  lateral  diffusion  is  minimized. 
Also,  lateral  diffusion  is  prevented  by  the 
rapid  silver  precipitation  mechanism.     A 
resolution  in  the  print  image  of  about  30 
lines  per  millimeter  is  routine,  although 
80  lines  per  millimeter  is  achievable.    Also 
contributing  to  high  resolution  is  the  fact 
that  reflex  and  diffuse  halation  effects  in 
the  negative  are  minimal. 

(5)  Graininess   is   absent   in   the   print 
because  the  silver  image  deposits  from  a 
solution  that  transfers  no  discrete  granu 
larity  pattern  from  the  negative  that  could 
lead  to   a   graininess   impression.     More 
over,  the  silver  particle  sizes  formed  in 
the  print  are  governed  by  the  nucleating 
agents,    their    distribution,    and   the    con 
trolled  mechanism  of  deposition. 

(6)  Clean   whites   result   from  the   ab 
sence  of  any  transfer  of  fog  or  other  me 
tallic  silver   from   the  negative. 

(7)  Neutral  blacks   throughout  the  re 
production  scale  are  achieved  by  control 
of  the  size  of  the  silver  galaxies  at  all 
density  levels. 

Apparatus    Patents    and    Applications 
(see  footnote  28) 

(Agfa)— B.B.  525,934;  574,859;  575,271;  576,- 
868;  B.F.  1,095,673;  B.I.  511,926;  B.P.  755,- 
425;  D.R.A.  F-8995;  F-9017;  D.R.G-.M.  1,641,- 
648;  1,641,703;  D.R.P.  926,175;  1,003,580; 
1,029,232;  Schw.  P.  314,663;  315,619;  315,620; 
316,430;  321,139;  325,857.  (Ashby)— D.B.P. 
1,057,876.  (Blair)— U.S.P.  2,695,965.  (B6- 
ger)— B.B.  532,903;  B.F.  1,110,571;  B.P.  794,- 
501;  D.B.A.  1,025,718;  D.R.A.  B-2301;  B-13,- 
193;  B-14,567;  B-16,897;  B-18,226;  D.R.G.M. 
1,647,295;  D.R.P.  890,455;  969,482;  1,034,025; 


388 


DIFFUSION-TRANSFER  REVERSAL  MATERIALS 


U.S.P.  2,751,814.  (Bogiphot-Apparatebau)  — 
D.R.G.M.  1,745,522.  (Bros  Ltd.)— B.P.  744,- 
243;  D.R.P.  1,001,588.  (Biiro  Gerate  A.G.)  — 
B.F.  1,114,965;  D.R.G.M.  1,675,910;  Schw.P. 
315,341.  (Dokuphot.  Appar.)—  D.R.A.  D-10,- 
238.  (Ecal)— B.F.  1,081,179;  1,098,021;  65,- 
478/1,081,179;  65,647/1,081,779;  66,618/1,081,- 
179.  (Eisbein)— B.B.  495,255;  502,326;  518,- 
931;  B.F.  1,015,772;  61,095/1,015,772;  61,490 
/1,015,772;  B.I.  474,851;  481,705;  493,014; 
B.P.  672,844;  701,703;  Can.P.  487,883;  Danish 
P.  79,978;  80,368;  D.R.G.M.  1,619,983;  1,651,- 
222;  D.R.P.  802,369;  804,890;  828,481;  856,- 
844;  918,372;  932,474;  1,014,434;  Eirean  P. 
19,412;  N.O.  81,585;  85,247;  Oe.P.  169,546; 
171,679;  178,538;  Schw.  P.  269,199;  Span.  P. 
192,993;  U.S.P.  2,657,618;  2,664,801;  2,793,- 
574;  Zwed  P.  154,240.  (Fabr.  phot.  Gerate)—- 
D.R.G.M.  1,638,730;  U.S.P.  2,740,344.  For- 
schungsinstitut  Zurich)— B.B.  522,284;  B.F. 
1,083,906;  B.R  805,639;  Oe.P.  203,360;  Schw. 
P.  305,441;  306,080;  329,760.  (Fotokopist)— 
D.RJP.  847,845;  848,013;  856,845;  856,846. 
(Francey)— Schw.  P.  326,984.  (Gener.  Photo 
Manuf.  Co.)— U.S.P.  2,742,838.  (Gerlach)— 
B.F.  1,131,186;  D.R.G.M.  1,689,146.  (Gevaert) 
—B.B.  544,284;  551,474;  B.F.  1,183,847;  B.P. 
A.  310,057;  N.O. A.  193,997;  221,284;  Zwed. 
P.  8945/57.  (Graf)— Sehw.  P.  285,164. 
(Heap)— B.P.  697,909;  (Kennedy  Onst.  Ltd.) 
— B.P.  755,881;  D.R.P.  1,024,802;  N.O.  87,983; 
U.S.P.  2,801,580.  (Kodak)— B.F.  1,028,772; 
1,099,424;  65,000/1,099,424;  B.P.  677,792; 
713,729;  726,303;  Can.  P.  502,903;  528,733; 
U.S.P.  2,552,251;  2,666,384;  2,747,479;  2,775,- 
933.  (Kohler)— Schw.  P.  296,696.  (Konto- 
phot.)  —  D.R.A.  K-12,825.  (Leitz)— D.R.P. 
1,020,866.  (W.  Lorenz)— D.R.G.M.  1,643,492. 
(Lumoprint)— D.B.A.  1,039,829;  D.B.P.  1,- 
023,971;  1,058,842;  1,059,286;  D.R.A.  B-24,- 
152;  D.R.G.M.  1,686,762;  1,705,272;  1,757,937; 
D.R.P.  928,213;  959,614;  968,956;  1,009,483; 
Oe.  P.  179,710;  U.S.P.  2,732,778;  2,930,284. 
(Ozalid)— 699,085;  713,163.  (Ruys)— B.B. 
520,357;  524,898;  536,030;  B.F.  1,095,577;  1,- 
132,849;  B.I.  511,524;  542,122;  B.P.  762,474; 
762,501;  773,247;  N.O.  75,070;  89,247;  N.O.A. 
172,994;  174,580;  184,859;  Oe.P.  190,795;  195,- 
751;  Schw.  P.  332,167;  U.S.P.  2,865,275.  (W. 
Salehoro) — D.R.P.  843,362.  (Sehwienbacher) 
— B.B.  515,587;  B.F.  1,105,003;  B.P.  741,561; 
D.R.P.  966,736;  Noors.  P.  87,122;  Sehw.  P. 
320,781;  U.S.P.  2,790,363;  (Sehwienbacher  & 
Pfister)— B.B.  567,453;  B.F.  1,136,861;  B.P. 
820,888.  (Soc,  Constr.  d'App.  de  Photocopie) 


—B.F.  1,093,313.  (Stratmann)— D.R.P.  847,- 
846.  (Uhrig)— D.R.P.  959,615.  (Van  der 
Grinten  N.V.)  —  B.P.  752,403;  759,714;  761, 
602;  N.O.  83,871;  85,131.  (Wolf  G.m.b.H.) 
— B.B.  537,091;  B.F.  1,133,377;  B.P.  797,281; 
D.B.P.  1,045,801;  1,052,812;  D.R.G.M.  1,683,- 
979. 

Process  Patents  and  Applications 

(A.B.  Dick)— B.B.  575,893;  565,696.  (Agfa)— 
Austr.  P.  211,491;  B.B.  502,129;  504,482;  511,- 
060;  514,708;  520,055;  529,348;  531,845;  533,- 
879;  540,768;  556,753;  558,193;  567,153;  574,- 
860;  B.F.  1,039,436;  1,064,239;  1,066,101; 
1,077,423;  1,080,425;  1,101,926;  1,108,214;  1,- 
114,759;  1,135,904;  1,174,256;  1,176,554;  B.I. 
474,915;  478,386;  488,383;  501,243;  522,859; 
539,489;  B.P.  695,915;  701,051;  724,001;  730,- 
349;  753,189;  758,627;  767,978;  805,854;  814,- 
154;  Can.  P.  524,230;  D.A.S.  1,055,953;  1,058,- 
844;  1,062,545;  1,064,343;  1,066,869;  D.R.A. 
F-9091;  A-19,287;  D.R.P.  825,349;  894,960; 
899,586;  903,655;  936,072;  946,327;  954,391; 
1,011,280;  1,013,965;  1,048,477;  Oe.P.  176,115; 
178,537;  196,423;  202,445;  202,447;  Schw.  P. 
291,525;  297,873;  312,984;  315,911;  327,164; 
329,758;  332,837;  U.S.P.  2,709,135;  2,937,945. 
(Alos)—  B.B.  567,663.  (DuPont)— B.B.  542,- 
421;  547,021;  B.F.  1,138,409;  1,153,558;  B.I. 
542,910;  B.P.  785,847;  800,119;  D.A.S.  1,036, 
051;  D.R.P.  1,015,682;  U.S.P.  2,878,121; 
(Fraunhofer)— B.B.  526,917;  530,783;  B.F. 
1,105,793;  B.I.  528,428;  B.P.  795,186;  796,054; 
D.R.P.  1,051,637;  Schw.  P.  323,942.  (General 
Aniline  and  Film)— B.F.  1,057,880;  B.P.  701,- 
551;  U.S.P.  2,628,901;  2,689,180.  (Gevaert)— 
Austral.  P.  219,947;  B.B.  475,465;  476,512; 
536,672;  542,151;  545,312;  545,678;  552,916; 
559,465;  572,336;  B.F.  57,717/873,507;  952,- 
197;  1,166,232;  1,179,804;  1,189,880;  B.L  445,- 
232;  568,177;  B.P.  654,931;  656,131;  665,984; 
812,673;  D.R.A.  G-21,443;  D.R.P.  903,532; 
1,003,591;  1,023,969;  1,025,264;  1,038,913;  N.O. 
60,845;  67,533;  Noors.  P.  94,753;  Schw.  P. 
272,286;  U.S.P.  2,663,641;  2,665,986.  (Knoll) 
— D.R.P.  961,350;  (Kodak)— B.B.  519,520; 
521,045;  521,247;  522,176;  525,871;  531,104; 
535,053;  539,816;  546,664;  552,228;  557,661; 
570,272;  577,256;  B.F.  1,082,409;  1,085,984; 
1,088,224;  1,098,026;  1,099,307;  1,102,942;  1,- 
103,424;  1,125,410;  1,146,552;  1,155,229;  1,- 
155,461;  1,156,831;  1,174,787;  1,175,509;  B.P. 
724,150;  726,377;  727,676;  745,445;  746,174; 
746,686;  746,946;  752,011;  752,048;  763,797; 
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778,792;  804,662;  813,254;  Can.  P.  543,243; 
543,244;  543,248;  545,963;  545,972;  545,973; 
D.A.S.  1,013,164;  D.R.P.  951,546;  964,203; 
968,641;  1,005,371;  U.S.P.  2,704,711;  2,713, 
305;  2,728,290;  2,740,717;  2,747,999;  2,751,300; 
2,756,142;  2,835,575;  2,843,491;  2,856,283;  2,- 
860,977;  2,882,151.  (Lumoprint)—  D.R.A.  1,- 
003,578.  (Oyama  Publish.)— Jap.  P.  5474/ 
1954.  (Ozalid,  Ltd.)— B.P.  699,085;  715,196; 
748,891;  748,892;  761,368.  (Sperry-Rand)-— 
U.S.P.  2,834,676.  (Vleck)— B.B.  561,897. 

Polaroid   Apparatus 
(see  footnote  28) 

U.S.P.  2,565,367;  2,624,253;  2,638,825; 
2,638,828;  2,646,672;  2,652,759;  2,653,888; 
2,659,825;  2,671,389;  2,671,393;  2,681,602; 
2,689,306;  2,689,307;  2,692,540;  2,697,961; 
2,705,757;  2,706,939;  2,707,237;  2,708,864; 
2,712,336;  2,719,472;  2,719,789;  2,722,871; 
2,740,338;  2,740,340;  2,740,341;  2,740,342; 
2,740,343;  2,740,897;  2,747,076;  2,759,404; 
2,768,564;  2,778,269;  2,778,734;  2,779,017; 
2,780,972;  2,784,653;  2,788,722;  2,789,488; 
2,794,376;  2,794,377;  2,794,378;  2,797,625; 
2,804,811;  2,804,812;  2,812,420;  2,819,662; 
2,823,317;  2,833,192;  2,834,269;  2,835,176; 
2,835,177 ;  2,835,179 ;  2,843,029 ;  2,843,481 ; 
2,845,850;  2,846,309;  2,854,903;  2,854,904; 
2,854,905;  2,854,908;  2,861,885;  2,866,380; 
2,869,444;  2,871,777;  2,873,657;  2,873,658; 
2,873,659;  2,877,697;  2,877,699;  2,878,736; 
2,880,657;  2,880,658;  2,882,155;  2,887,028; 
2,887,030;  2,892,927;  2,898,447;  2,903,951; 
2,903,829;  2,903,950;  2,906,182;  2,909,977; 
2,910,573;  2,914,997;  2,915,393;  2,930,299; 
2,930,301;  2,946,270;  2,966,103;  3,003,871; 
3,009,404;  3,009,405. 

Austral.  P.  208,203;  210,059;  210,967;  211,536; 
215,972;  216,456.  B.B.  471,207;  517,807;  520,- 
918;  536,869;  542,246;  542,247;  545,848;  549,- 
753;  551,110;  551,481;  554,711;  558,861;  560,- 
230;  561,463;  564,164;  568,842;  572,883.  B.F. 
941,430;  960,604;  1,058,883;  1,074,867;  1,080,- 
176;  1,134,632;  1,147,552;  1,157,350;  1,159,- 
777;  1,165,416;  1,180,056.  B.L  543,738.  B.P. 
684,591;  686,673;  731,858;  731,859;  732,140; 
732,420;  733,463;  753,250;  776,634;  783,824; 
784,075;  784,076;  788,488;  794,312;  794,694; 
814,140.  Can.  P.  459,146;  534,677,  534,678; 
534,679;  534,681;  534,682;  534,684;  536,186; 
541,265;  541,267;  543,386;  543,387;  543,389; 
545,215.  D.R.A.  1,000,231.  D.R.P.  945,608; 
1,017,463;  1,019,559;  1,025,263;  1,031,634; 


1,036,635;  1,044,610;  1,045,796;  1,056,476; 
1,057,446;  1,057,447.  N.O.  75,410;  89,437. 
Schw.  P.  289,717. 

Polaroid    Process    and   Product   Patents 
and   Applications 
(see  footnote  28) 

U.S.P.  2,563,387;  2,565,377;  2,565,378; 
2,572,358;  2,612,449;  2,627,459;  2,627,460; 
2,638,826;  2,653,530;  2,653,732;  2,662,822; 
2,674,532;  2,674,533;  2,678,274;  2,681,857; 
2,686,716;  2,686,717;  2,687,478;  2,692,675; 
2,698,236;  2,698,237;  2,698,243;  2,698,798; 
2,702,146 ;  2,702,244 ;  2,704,721 ;  2,705,676 ; 
2,706,939;  2,707,150;  2,709,223;  2,719,791; 
2,723,051 ;  2,726,154 ;  2,740,714 ;  2,740,715 ; 
2,740,374;  2,747,103;  2,750,075;  2,759,212; 
2,765,240;  2,768,403;  2,774,667;  2,774,668; 
2,789,054;  2,794,740;  2,798,021;  2,823,122; 
2,823,317;  2,830,900;  2,830,901;  2,834,271; 
2,837,852;  2,837,853;  2,837,854;  2,837,987; 
2,852,372;  2,852,691;  2,855,298;  2,855,299; 
2,855,302 ;  2,857,274 ;  2,857,275 ;  2,857,276 ; 
2,866,705;  2,873,660;  2,874,045;  2,880,659; 
2,880,660;  2,892,710;  2,898,208;  2,909,430; 
2,923,623;  2,938,792;  2,939,788;  2,944,894; 
2,949,359;  2,956,877;  2,962,377;  2,966,408; 
2,968,554;  2,969,283;  2,969,766;  2,972,532; 
2,977,226;  2,978,971;  2,979,477;  2,982,650; 
2,983,605;  2,983,606;  2,984,565;  2,992,102; 
2,992,103 ;  2,992,104 ;  2,992,105 ;  2,992,106 ; 
2,997,390;  3,002,437;  3,002,997;  3,003,972; 
3,003,875;  3,009,958. 

Austral.  P.  207,722;  208,203;  210,019;  216,517; 
216,594;  216,969;  219,939;  220,206;  220,279; 
220,841;  220,936;  221,159;  221,880.  B.B. 
471,206;  514,019;  515,350;  521,429;  522,910; 
529,289;  530,033;  534,464;  535,998;  536,869; 
537,503;  541,305;  542,248;  545,848;  546,051; 
547,364;  551,270;  551,349;  551,481;  553,716; 
553,717;  554,212;  554,213;  554,712;  554,933; 
554,934;  554,935;  559,272;  561,463;  562,755; 
568,326;  568,344;  569,177;  570,596;  571,336; 
574,290.  B.F.  941,429;  955,815;  963,510; 
979,813;  1,042,851;  1,068,793;  1,075,190; 
1,087,538;  1,088,205;  1,105,617;  1,107,768; 
1,117,780;  1,124,481;  1,134,632;  1,138,850; 
1,146,562;  1,147,552;  1,148,874;  1,155,868; 
1,162,636;  1,162,197;  1,165,416;  1,168,260; 
1,168,292;  1,169,068;  1,178,429;  1,192,238. 
B.I.  505,177;  506,649;  517,453;  517,638;  531,- 
661;  540,780;  550,240.  B.P.  684,599;  703,232; 
706,902;  706,921;  714,412;  730,722;  732,420; 
737,435;  739,018;  739,027;  746,565;  751,304; 
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752,409;  755,412;  775,322;  776,634;  783,824; 
788,424;  788,488;  789,837;  800,027;  800,028; 
804,971;  804,972;  804,973;  804,974;  804,975; 
804,976;  811,579.  Can.  P.  408,917;  480,114; 
480,299;  480,300;  480,303;  480,304;  489,651; 
489,652;  489,654;  490,461;  492,091;  502,188; 
502,378;  502,381;  502,382;  502,385;  502,388; 
502,390;  502,391;  502,392;  502,394;  502,398; 
508,188;  522,698;  522,699;  533,155;  533,157; 
534,676;  534,680;  534,683;  538,786;  541,266; 
543,388;  543,390;  543,683.  D.A.S.  1,061,182; 
1,068,118.  D.B.A.  1,113,630.  D.R.P.  912,294; 
932,344;  948,384;  950,041;  957,620;  959,516; 
960,607;  963,835;  1,012,176;  1,019,559;  1,020,- 
865;  1,024,357;  1,025,263;  1,027,984;  1,028,- 
426;  1,035,660;  1,036,640;  1,039,841;  1,045,- 
229;  1,047,620;  1,057,447;  1,066,092.  N.O. 
83,290;  87,075;  90,909.  N.O.A.  172,243;  181,- 
981;  187,965;  195,131.  Noors.  P.  79,569.  Oe. 
P.  188,210.  Zwed.  P.  164,834. 

Literature    on    Apparatus    and    Applications 
(see  footnote  29) 

Brit.  J.  Phot.  94,  162-163  (1947). 
Chem.  Eng.  p.  48,  Nov.  (1948). 
The  Camera  71,  28,  No.  1   (1949). 
Camera  (Luzern)   28,  78-80,  No.  3   (1949). 
Amat.  Phot.  99,  470,  No.  3165  (1949). 
Fotografie  pp.  60-61  and  76,  July-Aug.  (1949). 
Chem.  Wochblad  45,  562,  No.  36  (1949). 
Sri.  et  Ind.  Phot.  20,  449-451   (1949). 
Das  Papier  p.  62,  Feb.  (1950). 
Phot.  Mag.  p.  68,  May  (1950). 
U.  S.  Camera  13,  20,  July  (1950). 
Foto-Kino-Technik,  pp.  214-215,  No.  7  (1950). 
Brit.  J.  Phot.  97,  482-483   (1950). 
Phot.  Trade  Bull.  11,  552-553  (1950). 
Nat.  Phot.  Dealer  16,  39  and  72-74  (1950). 
Camera    (Luzern)    29,    376-377    and    391-392 

(1950). 

Phot.  Tech.  und  Wirtschaft  1,  36-48  (1950). 
Amat.  Cine  World  14,  914  (1951). 
Chemistry  (Washington)  24,  30,  No.  7  (1951). 
Leica  Foto.  p.  139,  May-June   (1951). 
Ind.  and  Eng.  Chem.  43,  15A,  No.  6  (1951), 
Phot.  Mag.  p.  47,  June  (1951). 
Amer.  Phot.  45,  371,  June  (1951). 
Zeit.  Naturforsch.  6a,  381-382   (1951). 
Phot.  Tech.  und  Wirtschaft  2,  342   (1951). 
P.S.A.  Journal  17A,  560-563  (1951). 
Phot.   Korr.   87,   28-33,  47-48,   64-69,   and   96 

(1951). 

Pop.  Phot.  29,  37-39,  86,  and  88,  Oct.  (1951). 
P.S.A.  Journal  17,  677  (1951). 


Phot.  Eng.  2,  87-88  (1951). 

Phot.  Eng.  2,  192-194  (1951). 

J.  Appl  Chem.  U.S.S.R.  24,  1295-1300  (1951). 

Central  Air  Doc.  Office  Tech.  Data  Digest  17, 

15   (1952). 

P.S.A.  Journal  18,  230  (1952). 
Radiography  18,  101   (1952). 
Nondestructive  Test.  11,  24-27  (1952). 
Foto   (Hengelo)    7,  277   (1952). 
Phot.  Korr.  88,  203-204  (1952). 
Le  phot.  42,  395    (1952). 
Phot.  Eng.  3,  24,  and  48  (1952). 
Functional  Phot.  4,  4,  5,  and  27,  Feb.  (1953). 
Phot.  Tech.  und  Wirtschaft.  4,  60  (1953). 
Proc.  Int.  Conf.  Roy.  Phot.  Soc.  G.  Brit.  pp. 

47  and  597-605,  Sept.   (1953). 
Phot.  Tech.  und  Wirtschaft.  4,  200   (1953). 
Proc.  Int.  Conf.  Eoy.  Phot.  Soc.  G.  Brit.  pp. 

411-412   Sept.   (1953). 
J.  Biol.  Phot.  Assoc.  21,  17-18    (1953). 
Phot.  Eng.  4,  214-219   (1953). 
Brit.  J.  Phot.  100,  34^36  (1953). 
Phot.  Tech.  und  Wirtschaft.  5,  70  (1954). 
Phot.  Mag.  p.  66-67  Feb.  (1954). 
Phot.  Korr.  90,  45  (1954). 
Ind.  Phot.  3,  88  No.  4  (1954). 
Fotopost  7,  73-74  (1954). 
Phot.  Tech.  und  Wirtschaft  5,  109-110  (1954). 
Brit.  J.  Phot.  101,  593-594  (1954). 
/.    Radiologie    et    d'Electrologie    35,    796-798 

(1954). 
Modern    Plastics    31,    102-104    and    221-222, 

April  (1954). 

Modern  Phot.  18,  3,  No.  9  (1954). 
J.  Amer.  Med.  Assoc.  154,  263,  No.  3  (1954). 
Phot.  Sci.  and  Tech.  pp.  75-78,  May  (1955). 
Nondestructive    Test.    pp.     23-26,    May-June 

(1955). 

Modern  Phot.  19,  48-57  and  98  (1955). 
Brit.  J.  Phot.  p.  430  (1955). 
Phot.  Development  30,  35,  Nov.    (1955). 
Mitteillungen  der  Agfa,  pp.  262-266  (1955). 
Nauka  i  Zhien,  p.  50,  Dec.  (1955). 
Das  Papier  10,  158   (1956). 
Offset  Dup.  Rev.  6,  17,  and  60,  No.  3  (1956). 
Modern  Phot.  20,  40-42  (1956). 
Bild  u  Ton  9,  154-156  (1956). 
Natl.  Lithographer  p.  36,  June   (1956). 
Brit.  J.  Phot.  103,  339-340  (1956). 
Phot.  Development  31,  37,  Aug.  (1956). 
Photography  11,  80,  Sept.   (1956). 
Mod.  Fototech.  u  Messoptik,  pp.  219-224  and 

230,  Sept.  (1956). 

Modern  Phot.  20,  130-134,  Nov.    (1956). 
Pop.  Phot.  39,  95,  and  101,  Nov.  (1956). 
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(1956). 

Modern  Phot.  20,  54  and  58,  Dec.  (1956). 
Sci.  et  Ind.  Phot.  28,  43^4  (1957). 
Belg.    Chem.    Ind.    22,    11-26    and    1415-1417 

(1957). 

Chem.  and  Ind.,  p.  511,  April   (1957). 
Foto  Prisma,  pp.  5-6   (1957). 
Foto  12,  5,   (1957). 
Photo    Tech.   und   Wirtschaft.   8,   108-110   and 

375-385    (1957). 

Modern  Phot.  21,  28-30,  Aug.   (1957). 
Ind.  Phot.  6,  40-42  and  78,  Sept.   (1957). 
/.  Franklin  Inst.  263,  121-128   (1957). 
Revue  de  la  Documentation  25,  23-24   (1958). 
Phot.  Sci.  and  Eng.  2,  49  (1958). 
Photo  Development  p.  8,  Jan.   (1958). 
Photo  Methods  for  Ind.,  pp.  22-29  and  44-46 

1958). 

Photo  Trade  News  22,  43   (1958). 
Photo  Tech.  und  Wirtschaft.  9,  70   (1958). 
Modern  Phot.  p.  98,  March    (1958). 
Zlnur.    Nauch    i   Priklad.    Fot.    Kenematog.    3, 

306-310   (1958). 

Khim  Nauka  i  Prom.  3,  607-614  (1958). 
Archiv.    fur   Druck   u   Papier  p.   450,    No.    4 

(1958). 
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ELECTROPHOTOGRAPHY 


The  term  electrophotography  may  be 
conveniently  applied  to  image-forming 
processes  based  upon  the  electrical  proper 
ties  of  matter.  There  are  at  present  two 
commercial  processes  of  electrophotogra 
phy,  Xerography  and  Electrofax. 

Xerography.  Xerography  is  a  dry,  non- 
chemical  photographic  process  which  is 
based  upon  the  image-wise  discharge  of  a 
uniformly  charged  photoconductive  in 
sulating  layer  upon  exposure.  An  electro 
static  latent  image  remains  after  exposure 
and  can  be  developed  to  produce  a  visible 
image  by  the  deposition  on  the  charged 
areas  of  a  finely  divided  material,  such  as 
a  black  or  colored  powder.  The  powder 
may  be  affixed  to  the  photoeonductive 
layer  or  may  be  transferred  to  another 
surface. 

The  process  was  used  originally  as  a  line 
copy  method  for  reproducing  documents 
and  drawings,  and  most  of  the  practical 
experience  acquired  to  date  has  been  in 
that  field.  By  making  suitable  variations 
in  technique,  however,  it  has  also  been  ap 
plied  to  continuous  tone  xerography  and 
to  xeroradiography.  Xerography  has 
many  unusual  properties,  among  which  is 
the  ability  to  place  images  on  almost  any 
surface.  This  has  been  an  important  ad 
vantage  in  the  use  of  the  process  for  the 
production  of  lithographic  printing  and 
duplicating  masters,  and  in  the  prepara 
tion  of  resists  for  etching  in  the  making 
of  printed  circuits. 

Historical.    The  xerographic  process  was 
invented  in   1937  by  Carlson,  who   origi 


nally  called  it  ' f  electrophotography. ' ' x 
The  name  xerography,  which  means  "dry 
writing,'7  was  adopted  later  in  order  to 
emphasize  the  distinction  from  wet  chem 
ical  processes.  In  1944  Battelle  Memorial 
Institute  undertook,  by  agreement  with 
Carlson,  to  support  further  development 
of  the  process  in  its  Graphic  Arts  Research 
Division.  In  1947  The  Haloid  Company 
(now  Xerox  Corporation)  acquired  a 
license  and  the  process  was  publicly  an 
nounced  the  following  year.2  The  first 
commercial  equipment  for  xerography  was 
introduced  by  Haloid  in  1950. 

Outline  of  the  Xerographic  Process. 
The  photoreceptor  in  xerography  com 
prises  a  coating  of  photoconduetive  in 
sulating  material  on  a  conductive  support. 
The  most  satisfactory  xerographic  plates 
developed  to  date  have  consisted  of  a  thin 
layer  of  vitreous  selenium  deposited  by 
vacuum  evaporation  on  an  aluminum  base. 
In  the  dark,  the  selenium  photoconductive 
layer  has  a  very  high  electrical  resistance, 
comparable  to  that  of  other  insulating 
materials.  An  electrostatic  charge  placed 
on  its  surface  will  remain  there  for  a  rela 
tively  long  time  with  only  slight  decay  in 
potential.  When  the  layer  is  exposed  to 
light,  X  rays,  or  other  radiation,  its  elec 
trical  conductivity  is  increased  in  the 
illuminated  areas  so  that  part  or  all  of 

1  Langer,    Radio    News,    Radio-Electronic    Engi 
neering  Sect.  32,  22,  23,  40,  41   (July  1944).     Ee- 
viewed    in    P.S.A.    Journal    11,    175-176    (1945). 
U.S.P.   2,297,691;    2,357,809. 

2  Schaffert  and  Oughton,  J.  Opt.  Soc.  Amer.  38, 
991-998    (1948). 
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the  electrostatic  charge  leaks  through  the 
layer  to  the  conductive  support.  When  the 
light  is  cut  off  the  layer  again  assumes 
its  original  insulating  condition. 

These  properties  of  a  xerographic  plate 
make  possible  the  following  sequence  of 
steps,  which  comprise  the  xerographic 
process  as  applied  to  positive-to-positive, 
line  copy  work. 

1.  A  uniform  electrostatic  charge  is  laid 
down  on  the  surface  of  the  photoconduc- 
tive  insulating  layer.  This  may  be  done 
by  spraying  electric  charges  onto  the  layer 
from  a  fine  corona  discharge  wire  held  at 
a  high  voltage  as  the  wire  is  moved  over 
the  plate  while  in  the  dark,  as  shown  in 
Pig.  29.1.  Charged  air  ions,  moving  from 
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FIG.  29.1.     Charging     (sensitizing)     the    xero 
graphic   plate. 

the  wire  to  the  plate,  deposit  their  charges 
on  the  surface  of  the  photoconductive,  in 
sulating  layer  where  they  build  up  an 
electrostatic  charge  of  uniform  density,  as 
indicated  diagramniatieally  by  the  plus 
signs.  (With  selenium,  positive  surface 
charging  is  generally  found  to  be  more 
satisfactory  than  negative,  while  with  some 
other  materials  negative  charging  is  pref 
erable.)  While  the  positive  charges  are 
being  deposited  on  the  free  surface  of 
the  photoconductive  layer,  negative  charges 
flowing  through  the  conductive  backing 
plate  will  collect  at  the  interface  between 
the  coating  and  the  backing  plate  to  form 
an  induced  negative  layer  of  almost  equal 
density  to  the  positive  charge  density. 
During  charging,  the  conductive  backing 
of  the  xerographic  plate  is  grounded  to 


FIG.  29.2.     Exposure. 

ensure  that  the  backing  plate  remains  at 
ground  potential  as  charge  is  added  to 
the  coating. 

2.  After  charging,  the  plate  is  given  a 
timed  exposure  to  a  light  image  in  a  cam 
era,  slit-exposure  device  or  contact  assem 
bly.     During  exposure,  an  electric  charge 
flows   through   the   photoconductive   layer 
in  the  illuminated  areas  under  the  influ 
ence  of  the  intense  electric  field  and  the 
positive  and  negative  charges  are  united, 
reducing  the  charge  density  on  the  illumi 
nated  areas.     This  leaves  an  electrostatic 
latent  image  on  the  photoconductive  layer 
corresponding   to   the   original   image,   as 
shown  in  Fig.  29.2. 

3.  The  plate  is  next  subjected  to  xero 
graphic  development,  which  usually  con 
sists  in  bringing  a  large  number  of  fine 
powder  particles  (which  carry  electrostatic 
charges  opposite  in  polarity  to  the  charge 
on  the  surface  of  the  plate)   close  to  the 
plate  surface  where  they  are  attracted  and 
collected  by  the  charged  areas  to  produce 
a  powder  image,  as  shown  in  Fig.  29.3. 

4.  The  powder  image  is  next  transferred 
to  a  final  support,  such  as  a  sheet  of  paper, 
by  an  electrostatic  transfer  method.     The 
sheet    is   brought    into    contact   with   the 
plate  surface  carrying  the  powder  image 
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FIG.  29.3.     Development. 


394 


ELECTROPHOTOGRAPHY 


and  a  charged  corona  wire  is  passed  over 
the  assembly  to  spray  electric  charges  onto 
the  sheet  which  are  of  opposite  polarity  to 
the  charges  on  the  powder  particles,  and 
of  the  same  polarity  as  the  electrostatic 
image.  The  charge  placed  on  the  transfer 
sheet  overcomes  the  attraction  of  the  elec 
trostatic  image  with  the  result  that  the 
bulk  of  the  powder  transfers  its  allegiance 
to  the  transfer  sheet.  When  the  sheet  is 
peeled  away  from  the  plate  the  powder 
image  comes  with  it,  as  shown  in  Fig.  29.4. 


CORONA  WIRE 


DRAPER 


FIG.  29.4.     Transfer. 

5.  In  line  copy  applications,  the  develop 
ing  powder  consists  of  a  black  or  colored 
pigmented  resin  which  is  fusible  at  a 
moderate  temperature.  The  image  can 
therefore  be  permanently  affixed  to  the 
transfer  sheet  by  heating  in  an  oven  for 
a  few  seconds  or  by  passing  the  sheet 
under  a  radiant  heat  source,  as  shown  in 
Fig.  29.5.  With  adequate  fixing  the  pow 
der  particles  flow  together  and  coalesce 


into  a  smooth  layer  which  is  firmly  bonded 
to  the  transfer  sheet. 

6.  The  small  amount  of  residual  powder 
remaining  on  the  xerographic  plate  is 
readily  removed  by  a  simple  wiping  or 
brushing  operation,  after  which  the  plate 
is  ready  for  reuse  in  the  xerographic 
process. 

THE  XEROGRAPHIC  PROCESS,  MATERIALS, 
AND  APPARATUS   ELEMENTS 

Xerographic  Plate.  Relatively  few  pho- 
toconductive  insulating  materials  are 
known  and  still  fewer  have  been  found  to 
be  practical  for  xerography.  The  first 
materials  used  by  Carlson  were  sulfur  and 
anthracene.  Later  it  was  found  at  Battelle 
that  vitreous  (amorphous)  selenium,  de 
posited  on  aluminum  or  brass  plates  by 
vacuum  evaporation  was  much  more  light 
sensitive,  and  the  majority  of  xerographic 
plates  (Xerox)  are  now  made  of  this  ma 
terial.3 


3  (Selenium  Plates)  Weimer,  Phys.  £ev.  78,  171 
(1950).  Keek,  J.  Opt.  Soc.  Amer,  41,  53-55 
(1951);  42,  221-225  (1952).  Weimer  and  Cope, 
EGA  Rev.  12,  314-334  (1951).  Limb  and  Met- 
calfe,  Australian  J.  Appl.  Sci.  9,  No.  2  (1958). 
Fotland,  J.  Appl.  Phys.  31,  1558-1565  (1960). 
McNeil  and  Jolly,  J.  Phot.  Sci.  7,  25-32  (1959). 

(Stability    to    Nuclear    Eadiation)     Levy    and 
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FIG.  29.5.     Fusing   (fixing). 
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It  has  also  been  found  that  certain  pho- 
toconductive  powders,  including  anthra 
cene  and  various  inorganic  phosphors,  can 
be  suspended  in  an  insulating  binder,  such 
as  a  synthetic  resin  or  plastic,  to  produce 
a  photoconductive  insulating  layer.4  The 
only  process  of  this  type  in  general  use 
employs  a  specially  prepared  white  zinc 
oxide  in  a  silicone  resin  or  other  resin 
binder.  Originally  developed  by  Young 
and  Greig  (RCA)  as  a  coating  on  a  paper 
base  (Electrofax),  it  provides  a  single-use 
material  on  which  the  powder  image  can 
be  fixed  to  form  the  final  print.5 

For  the  paper  to  function  as  a  good  con 
ductive  backing  it  must  be  humidified  to 
contain  about  5  to  6%  moisture.  Since 
the  photosensitivity  of  white  zinc  oxide  is 
primarily  in  the  ultraviolet  region  of  the 
spectrum,  a  sensitizing  dye  is  usually  used 
to  extend  the  response  further  into  the 
visible  range.  The  dyes  used  for  this  pur 
pose  include  many  which  are  not  satis 
factory  for  silver  halides,  rose  bengal  be 
ing  the  most  interesting  one.  The  use  of 
dyed  materials  is  limited  to  applications 
where  the  color  of  the  background  is  not 
objectionable.  Several  grades  of  xero 
graphic  papers  are  now  available  in  white 
and  in  a  pink  dye-sensitized  material  (Lec- 
trox).  Much  effort  is  being  expended  in 
the  development  of  more  sensitive  xero 
graphic  plates.  Present  commercial  sele 
nium  plates  have  an  orthochromatic  re 
sponse  and  hence  are  relatively  insensitive 
to  orange  and  red  light,  but  panchromatic 
selenium  alloy  plates  have  been  developed 


100- 


Blakney,  Phot.  Sci.  and  Eng.  3,  161-163   (1959). 

U.S.P.  2,657,152;  2,662,832;  2,739,079;  2,745,- 
327;  2,753,278;  2,803,541;  2,803,542;  2,804,396; 
2,862,817;  2,863,768;  2,886,434;  2,901,348;  2,901,- 
349;  2,970,906. 

4Wainer,  Phot.  Eng.  3,  12-22  (1952).  U.S.P. 
2,551,582;  2,663,636. 

s  Young  and  Greig,  RCA  Rev.  15,  469-484 
(1954).  U.S.P.  2,727,807;  2,727,808;  2,875,054; 
2,898,279. 
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FIG.  29.6.     Spectral    sensitivity    curves    for   a 
number  of  photoconductors  used  in  the  xero 
graphic  process. 

with  consequent  faster  response  to  the 
usual  light  sources. 

The  speed  of  xerographic  plates  is  de 
termined  by  measuring  the  rate  of  decay 
of  the  potential  of  the  electrostatic  charge 
on  the  surface  of  the  pKotoconduetive 
layer  when  it  is  exposed  to  a  given  light 
intensity.  A  method  frequently  used  is 
to  measure  the  time  required  for  the  po 
tential  to  decay  from  500  volts  to  300  volts. 
Xerographic  plate  speeds  have  been  as 
signed  equivalent  ASA  Exposure  Index 
ratings  by  determining  the  rating  of  the 
silver  halide  film  which  will  give  the  best 
continuous-tone  image  under  simliar  ex 
posure  conditions.  Table  29.1  gives  the 
ASA  rating  and  relative  speed  of  several 
xerographic  plate  materials,  and  Fig.  29.6 
shows  spectral  sensitivity  curves  for  a 
number  of  the  photoconductors  used. 

Very  few  investigations  of  the  reciproc 
ity  law  as  applied  to  xerographic  plates 
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TABLE   29.1 


Phctoconductor 


ASA         Relative 
Rating        Speed 


Sulfur 0.002  1 

Anthracene 0.008  4 

White  zinc  oxide  in  binder 0.1  50 

Dyed  zinc  oxide-binder 

(Rose  Bengal) 2.0  1000 

Selenium  (orthochromatic) 2.0  1000 

Selenium-tellurium  alloy 12.0  6000 

Selenium  (panchromatic) 15.0  7500 

These  ratings  can  be  considered  as  approxima 
tions  only  and  vary  considerably  depending  on 
conditions  of  exposure,  charging,  and  development 
used. 

have  been  made,  but  present  indications 
are  that  the  amount  of  departure  from 
the  reciprocity  law  with  selenium  is  less 
than  with  silver  halide  materials.  Kos- 
telec,  however,  reported  a  substantial  fall 
ing  off  in  light  sensitivity  of  both  selenium 
and  zinc  oxide  materials  at  high-intensity 
exposures.511  He  also  noted  smaller  depar 
tures  from  reciprocity  at  very  low  in 
tensities. 

The  most  commonly  used  base  material 
or  conductive  support  for  selenium  coat 
ings  in  xerographic  plates  has  been  alumi 
num,  although  brass  has  been  used  for 
some  continuous-tone  plates.  The  base 
must  be  carefully  prepared  to  eliminate 
any  imperfections  before  the  selenium 
coating  is  applied  by  vacuum  evaporation. 
After  the  photoconduetor  (selenium)  is 
applied  there  is  sometimes  applied  an  ex 
tremely  thin  overcoating  layer  of  insulat 
ing  organic  or  inorganic  material  to  pro 
tect  the  selenium  from  wear  and  abrasion 
and  thereby  increase  the  useful  life  of  the 
xerographic  plate  or  drum. 

Charging  Methods  and  Apparatus.  The 
first  step  in  the  xerographic  process  is  the 
placing  of  a  uniform  electrostatic  charge 
on  the  surface  of  the  photoconductive 
layer.  This  step  is  sometimes  called  "sen- 


saKostalee,  J.  AppL  Phys.  31,  441-442   (1960). 


sitizing,"  but  no  chemical  changes  are 
produced  in  the  layer  by  charging.  The 
purpose  of  charging  is  to  apply  an  electric 
field  through  the  photoconductive  layer  so 
that  electric  currents  will  flow  in  the  layer 
when  it  is  exposed  to  light.  Under  the  in 
fluence  of  the  field  these  currents  change 
the  charge  condition  of  the  surface  in 
proportion  to  the  amount  of  light  received 
so  as  to  produce  an  electrostatic  latent 
image,  or  charge  pattern,  corresponding  to 
the  light  image, 

A  xerographic  plate  may  be  considered 
to  be  a  special  form  of  electric  capacitor 
in  which  the  photoconduetor  is  the  dielec 
tric  and  the  conductive  support  is  one 
capacitor  plate.  The  other  plate,  nor 
mally  present  in  a  capacitor,  is  missing  and 
since  the  free  surface  of  the  photoconduc 
tive  layer  is  not  laterally  conducting  it  is 
necessary  in  the  charging  step  to  use  spe 
cial  means  to  carry  charges  to  all  parts 
of  the  surface  in  order  to  build  up  a  uni 
form  charge  on  the  surface.  A  primitive 
method,  actually  used  in  the  very  early 
development  of  xerography,  consisted  in 
rubbing  the  surface  of  the  plate  with  cloth 
or  fur  to  create  frictional  electricity  or 
triboelectrification.  More  effective  means 
have  now  been  developed,  the  use  of  a 
corona  discharge  to  spray  ions  onto  the 
surface  being  the  method  which  is  used 
almost  exclusively.6 

Figure  29.7  shows  two  forms  of  corona 
charging  devices  in  position  for  charging 
a  xerographic  plate.  The  device  shown  in 
Fig.  29.7a,  called  a  corotron,  consists  of 
a  single,  fine,  stainless  steel  wire  (usually 
having  a  diameter  of  about  0.0035  in.) 
stretched  between  insulators  and  sur 
rounded  by  a  grounded  metal  shield.  The 
shield  has  an  opening  slot  facing  the  sur- 

6TJ.S.P.  2,588,699;  2,777,957;  2,778,946;  2,790,- 
082;  2,836,725;  2,856,533;  2,863,063;  2,868,989; 
2,885,556;  2,879,395;  2,890,343. 
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PIG.  29.7.     Charging  devices:    (a)   The  corotron  and   (b)   the  scoroton. 


face  of  the  xerographic  plate.  The  fine 
wire  is  connected  to  one  terminal  of  a 
high- voltage  DC  power  supply  unit,  having 
a  regulated  voltage  of  from  5000  to  8000 
volts,  while  the  other  terminal  of  the 
power  supply  is  grounded.  The  backing 
of  the  xerographic  plate  is  also  grounded. 
A  corona  discharge  is  thereby  created  from 
the  corona  wire  to  the  grounded  shield 
and  also  through  the  slot  in  the  shield  to 
the  surface  of  the  xerographic  plate  where 
it  deposits  electric  charges.  In  practice, 
the  corotron  is  moved  over  the  plate  sur 
face  at  a  constant  speed  to  lay  down  a 
uniform  charge  over  the  photoconductive 
layer. 

Corona  is  a  form  of  glow  discharge 
which  occurs  around  fine  wires  (or  points) 
when  they  are  raised  to  a  high  voltage  and 
are  sufficiently  spaced  from  surrounding 
conductors  so  that  sparking  does  not  take 
place.  Under  these  conditions,  the  elec 
tric  field  produced  by  the  applied  voltage 
converges  near  the  wire  to  produce  higher 
field  strength  in  this  region.7  The  gas,  or 
air,  breaks  down  or  ionizes  only  in  the  high 
field  near  the  wire.  The  corona  around  a 
positively  charged  wire  has  the  appearance 


7  For  a  discussion  of  corona  discharge  phe 
nomena  see,  for  example,  Cobine,  Gaseous  Conduc 
tors,  pp.  252-289,  McGraw-Hill  Book  Co.,  Inc., 
New  York,  1941. 


of  a  uniform  glow  around  the  wire.  With 
a  negatively  charged  wire,  the  corona  may 
appear  as  a  number  of  bright  points,  or 
beads,  quite  uniformly  spaced  along  the 
wire.  As  the  voltage  is  increased  these 
become  closer  together  and  more  uniform. 
The  mechanism  of  positive  and  negative 
corona  formation  is  quite  different.  It  is 
sufficient,  however,  that  we  understand 
that  in  both  cases  positive  and  negative 
gas  ions  are  formed  in  the  space  surround 
ing  the  wire.  If  the  wire  is  positive,  the 
positive  ions  are  driven  away  from  the 
wire  so  that  the  plate  is  given  a  positive 
charge.  With  the  wire  negative,  the  plate 
is  charged  with  negative  ions.  It  is  be 
lieved  that  when  the  charged  ions  reach 
the  plate  they  deposit  their  charges  on  the 
plate  surface  and  drift  away  as  neutral 
gas  molecules. 

There  is  a  threshold  voltage  at  which 
corona  just  begins  to  occur  and  which  is 
determined  by  the  wire  diameter,  the  dis 
tance  from  surrounding  conductors  and 
the  barometric  pressure.  In  a  practical 
corotron  at  low  altitudes  this  may  be  in 
the  neighborhood  of  4500  volts.  At  wire 
potentials  near  threshold  the  corona  cur 
rent  is  irregular  and  may  not  be  uniformly 
distributed  along  the  wire.  In  order  to 
improve  the  uniformity  as  well  as  to  in 
crease  the  charging  rate  the  corotron  is 
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operated  at  from  one  to  several  thousand 
volts  above  threshold.  However,  the  volt 
age  must  not  be  raised  too  high  or  sparking 
will  occur  with  possible  damage  to  the  wire 
or  the  xerographic  plate. 

The  purpose  of  the  metal  shield  around 
the  corona  wire  is  not  only  for  mechanical 
and  electrical  protection.  It  also  helps 
to  make  the  corona  discharge  more  uni 
form  and  it  results  in  more  corona  being 
generated  at  any  given  voltage  than  is 
produced  without  a  grounded  shield.  The 
reason  for  this  is  that  it  produces  a  greater 
density  of  electric  field  or  lines  of  force 
around  the  wire.  Another  very  important 
function  of  the  shield  is  in  limiting  the 
charging  rate  to  prevent  overcharging  of 
the  xerographic  plate.  The  desired  plate 
potential  for  line  copy  work  is  in  the 
range  of  500  to  800  volts,  depending  on 
the  thickness  of  the  photoconductive  layer. 
With  a  field  of  several  thousand  volts 
tending  to  drive  ions  from  the  corona  wire 
to  the  plate  surface  it  is  evident  that  if  the 
eorotron  should  be  held  stationary  over 
one  area  of  the  plate  for  too  long  a  time 
there  could  be  the  possibility  of  the  plate 
receiving  a  quantity  of  charge  which 
would  raise  the  voltage  of  the  plate  surface 
well  above  the  desired  amount  and  perma 
nent  electrical  damage  to  the  photoconduc 
tive  layer  could  result.  Such  damage  has 
been  observed  in  selenium  plates  charged 
under  less  controlled  conditions  than  are 
used  at  present.  It  usually  has  appeared 
as  small  circular  areas  which  do  not  de 
velop  properly  with  powder,  for  which  rea 
son  they  are  called  "powder-deficient 
spots."  These  spots  appear  to  surround 
points  where  the  plate  coating  has  been 
punctured  by  a  kind  of  local  sparking.  By 
the  use  of  a  properly  shaped,  grounded 
shield,  as  shown  in  Fig.  29.7a,  the  rate  of 
flow  of  ions  to  the  plate  depends  upon  the 
potential  of  the  surface,  and  as  the  po 
tential  nears  the  optimum  value  the  ion 


current  falls  off  to  a  rather  low  value. 
The  explanation  is  that  the  electric  fields 
change  as  the  plate  potential  builds  up  in 
such  a  way  as  to  deflect  a  greater  propor 
tion  of  the  corona  current  to  the  shield. 
In  most  xerographic  apparatus  provision 
is  made  to  produce  relative  motion  between 
the  plate  and  the  eorotron  at  a  constant 
speed  either  by  moving  the  eorotron  back 
and  forth  over  the  plate,  or  by  rotating 
the  xerographic  drum  past  the  eorotron, 
and  the  power  supply  is  provided  with  a 
voltage  regulator  to  hold  the  voltage  at  a 
constant  value.  The  voltage  is  set  to  give 
a  corona  current  which  will  charge  the 
plate  to  the  required  potential  in  the  one 
or  two  passes  provided  for  in  the  ap 
paratus. 

Where  still  better  control  of  the  charg 
ing  rate  is  required  the  device  shown  in 
Fig.  29.7b  may  be  used.  This  device, 
known  as  a  screen-controlled  eorotron,  or 
scorotron,  has  a  grid  of  wires  located  be 
tween  the  corona  generating  wires  and  the 
plate  surface.8  In  operation,  the  grid 
wires  are  biased  to  a  potential  of  from 
zero  to  several  hundred  volts,  the  three 
corona  wires  being  held  at  6000  to  8000 
volts.  The  grid  allows  ions  from  the 
corona  wires  to  pass  through  to  the  plate 
at  the  beginning  of  charging  but,  as  the 
plate  potential  builds  up,  the  field  between 
the  grid  and  the  plate  is  reduced  with  a 
corresponding  reduction  in  the  charging 
rate. 

Exposure.  Xerographic  plates  are  ex 
posed  in  the  same  manner  as  photographic 
film  or  paper ;  by  contact,  in  case  of  trans 
lucent  originals,  or  in  a  camera.  The 
subject  may  be  from  nature,  a  document, 
or  drawing,  or  by  projection  from  micro 
film.  The  exposure  may  be  to  light,  to  X 
rays,  or  to  gamma  radiation.  In  the  dark, 
the  photoconductive  layer  is  not  quite  a 
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perfect  insulator.  It  has  a  resistivity  in 
the  range  from  1014  to  1015  ohm-cm.,  or 
more.  After  charging  there  is  a  slow  de 
cay  of  the  plate  potential  due  to  leakage 
of  the  charge  through  the  layer.  For 
selenium  plates  in  good  condition  it  takes 
about  2  hr.  for  the  potential  to  fall  to  half 
the  original  value.  For  zinc  oxide-binder 
layers  the  half  time  is  much  shorter, 
on  the  order  of  20  sec. 

Upon  exposure,  the  drop  in  plate  po 
tential,  or  "light  decay,"  is  quite  steep  at 
first  and  nearly  linear  for  several  hundred 
volts  drop,  and  then  the  rate  of  decay  de 
clines  to  a  low  value  approximating  the 
dark  decay  rate.  Figure  29.8  shows  the 
potential  changes  taking  place  in  a  xero 
graphic  plate  after  charging.  At  the  com 
pletion  of  charging  the  plate  potential  is 
TO-  The  potential  decays  slowly  in  the 
dark  as  represented  by  curve  (1).  When 
exposure  begins  at  time  TI,  the  decay  rate 
abruptly  increases  in  the  illuminated  areas 
in  proportion  to  the  intensity  of  light 
striking  each  area.  Curve  (2)  represents 
the  decay  in  a  low-intensity  area,  while 
curve  (3)  shows  the  more  rapid  decay  in 
a  high-intensity  area.  The  apparent  elec 
trical  resistivity  during  light  decay  is  in 
the  range  from  1010  to  1013  ohm-cm. 

For  line  copy  work,  such  as  dark  print 
ing  on  a  light  background,  it  is  the  po 
tential  difference,  or  electrostatic  contrast 
(ESC),  which  controls  the  deposition  of 
developer  powder.  For  two  adjacent 
areas,  such  as  a  line  and  the  surrounding 
background,  whose  potential  decays  are 
represented  by  curves  (2)  and  (3),  the 
electrostatic  contrast  is  represented  by  the 
vertical  distance  between  the  two  curves 
at  any  time.  Due  to  the  shape  of  the 
curves  it  is  evident  that  there  is  an  op 
timum  exposure  time  at  which  the  poten 
tial  difference  or  ESC  is  at  maximum. 
Under-  or  overexposure  will  result  in  lower 
contrast. 
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FIG.  29.8.     Changes    in    potential    in    a    xero 
graphic   plate   after   charging. 

Obviously,  the  relative  decay  rates,  and 
hence  the  ESC,  for  different  areas  will  de 
pend  upon  the  contrasts  in  density  in  the 
original.  The  maximum  available  ESC  for 
originals  of  low  contrast  occurs  at  shorter 
exposures  than  for  originals  of  high  con 
trast  and  the  exposure  latitude  is  more 
critical  for  low-contrast  originals. 

The  following  is  a  brief  account  of  the 
present  theory  of  the  mechanism  of  electro 
static  image  formation  in  a  positively 
charged  selenium  xerographic  plate  when 
it  is  exposed  to  light.  When  a  photon  of 
sufficient  energy  is  absorbed  near  the  sur 
face  of  the  selenium  layer  it  causes  ex 
citation  of  an  atom  within  the  layer  to 
raise  an  electron  from  the  valence  band 
to  the  conduction  band  of  the  solid,  and 
leaves  a  positive  hole.  The  electrons  need 
move  only  the  short  distance  to  the  plate 
surface  where  they  neutralize  the  positive 
surface  charge.  The  remaining  positive 
charges,  or  holes,  are  also  free  to  move  by 
hole  migration  and  they  are  driven  by  the 
electric  field  through  the  selenium  layer  to 
the  base  plate.  Thus,  hole  migration  is 
the  main  factor  in  the  discharge  or  light 
decay  of  potential  in  the  exposed  areas  of 
a  positively  charged  selenium  plate. 
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Residual  Potential  and  Fatigue.    Local 

defects  within  the  photoconductive  layer 
will  give  rise  to  places  in  which  the  charge 
carriers  (electrons  and  holes)  may  become 
immobilized  or  ' £  trapped. ' '  When  positive 
charges  or  holes  are  caught  in  deep  traps, 
where  the  probability  of  escape  is  low, 
they  remain  in  the  layer  for  some  time 
after  exposure,  resulting  in  a  space  charge 
which  is  observed  as  a  residual  potential 
after  exposure. 

The  positive  charges  can  also  be  caught: 
in  shallow  traps  where  the  probability  of 
release  is  high.  In  a  region  of  a  plate 
which  has  been  subjected  to  high  exposure, 
with  the  production  of  many  charge  pairs, 
it  is  believed  that  the  electrons  (negative 
charge  carriers)  are  quickly  trapped  in 
deep  traps  near  the  exposed  surface  of  the 
plate.  The  holes  (positive  charge  car 
riers)  have  a  higher  mobility  and  longer 
life  than  the  electrons,  as  a  result  of  which 
many  of  them  are"  able  to  diffuse  further 
into  the  photoconduetive  layer  before  they 
are  trapped.  The  majority  of  these  fall 
into  shallow  traps  and  are  gradually  re 
leased  by  thermal  agitation.  When  the 
plate  is  recharged  preparatory  to  exposure 
to  a  new  iinage,  the  released  positive  holes1 
are  swept  out  of  the  layer  to  the  conduc 
tive  base.  However,  the  trapped  negative 
charges  near  the  surface  reduce  the  po 
tential  of  the  positive  surface  charge.  This 
phenomenon  is  known  as  "light  fatigue" 
and  is  manifested  as  a  low  potential  of 
the  charged  plate  surface.  One  effect  of 
fatigue  is  the  appearance  of  ghost  images 
of  a  previous  exposure  when  the  plate  is 
reused  for  a  different  image. 

A  fatigued  plate  will  recover  its  original 
high-potential  acceptance  if  allowed  to 
stawd  idle  until  the  trapped  negative 
charges  have  all  been  released.  It  is  pos 
sible,  through  careful  control  during 
manufacture,  to  produce  xerographic 
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plates  and  drums  having  negligible  fatigue 
and  residual  potentials. 

Measuring  Plate  Potentials  (The  Scan 
ning  Electrometer).  The  potentials  on  the 
plate  surface  after  charging  and  during 
dark  decay,  and  the  potentials  of  various 
parts  of  the  electrostatic  latent  image,  are 
readily  determined  by  electrometer  tech 
niques.  One  of  the  most  useful  of  the 
laboratory  devices  in  xerography  is  the 
scanning  electrometer  which  uses  a  con 
ductive  probe  electrode  mounted  close  to 
the  plate  surface  while  the  area  under 
investigation  is  moved  under  it.  By 
proper  calibration,  the  potential  variations 
of  the  probe  will  give  a  direct  reading  of 
the  plate  potentials. 

Development  and  Developers.  Develop 
ment  consists  in  bringing  charged  powder 
or  liquid  particles  to  the  plate  surface 
where  they  are  deposited  in  conformity 
with  the  electrostatic  image. 

For  the  reproduction  of  line  copies  the 
principal  method  is  cascade  development.9 
This  uses  a  two-component  developer  mix 
ture  consisting  of  the  black  or  colored  de 
veloping  powder,  called  the  toner,  and 
larger  particles  or  'beads,  called  the  carrier. 
The  toner"  particles  are  a  few  microns  in 
average  diameter  and  are  formed  of  fusible 
resin,  or  plastic,  pigmented  with  carbon 
Or  colored  pigments.  The  carrier  consists 
6f  nearly  spherical  beads  in  the  order  of 
one-third  millimeter  in  diameter.  The  car 
rier  beads  are  coated  with  a  plastic  mate 
rial  which  has  the  correct  triboelectric  re 
lationship  to  the  toner  to  impart  an  electric 
charge  of  the  desired  polarity  to  the  toner 
particles  when  they  are  mixed.  The  car 
rier  itself  acquires  a  charge  of  the  opposite 
sign  and  as  a  result  the  toner  adheres  to 

9TJ.SJV  2,550,724;  2,550,738;  2,618,551;  2,618,- 
552;  2,619,418;  2,635,046;  2,638,416,  2,659,670; 
2,705,199;  2,750,922;  2,753,308;  2,761,416;  2,788,- 
288;  2,827,013;  2,880,696;  2,891,011;  2,892,794; 
2,889,234. 
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PIG.  29.9.     Cascade  development  of  xerographic  plates  using  a  two-component 

developer. 


it,  each  carrier  particle  becoming  covered 
with  a  layer  of  toner  particles  clinging  to 
it.  During  development,  the  powder-car 
rier  mixture  is  cascaded  over  the  plate  or 
the  side  of  the  drum.  As  the  carrier  par 
ticles  roll  over  the  selenium  surface,  some 
of  the  toner  particles  are  pulled  away  from 
the  carrier  by  the  electrostatic  image  re 
sulting  in  the  building  up  of  a  powder 
image  on  the  selenium  surface.  Because 
of  its  attraction  for  toner  particles,  the 
carrier  allows  no  powder  to  deposit  in  un 
charged  areas.  Hence,  cascade  developed 
images  are  characterized  by  good  contrast 
and  clean  background.  Figure  29.9  indi 
cates  diagrammatically  what  takes  place 
in  cascade  development. 

When  the  xerographic  plate  is  consid 
ered  as  an  electric  capacitor,  it  is  easy  to 
see  that  almost  all  the  field  of  a  uniformly 
charged  plate  before  exposure  is  present 
as  an  internal  field  within  the  photocon- 
ductive  layer.  This  field,  being  internal, 
has  no  effect  in  attracting  particles  to  the 
plate  surface.  In  fact,  if  cascade  develop 
ment  is  performed  on  a  uniformly  charged 
xerographic  plate,  no  powder  is  deposited. 
Development  of  line  copy  images  is  facili 
tated  by  the  fact  that  the  charged  portions 
remaining  after  exposure  are  small  areas 
or  lines  surrounded  by  larger  discharged 


areas.     This  does  not  hold  true  where  the 
image  consists  of  large  black  areas. 

When  exposure  is  made  to  an  original 
(Fig.  29.10)  (1)  having  a  line  (A)  and 
a  solid  area  (B)  the  xerographic  plate  (2) 
is  selectively  discharged  to  leave  corre 
sponding  charged  areas  (A)  and  (B). 
The  electric  field,  originally  almost  en 
tirely  within  the  photoconductive  layer, 
has  rearranged  itself  during  exposure  so 
that  part  of  the  field  now  appears  as  fring- 
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FIG.  29.10.    Image  characteristics  of  the  xero 
graphic  process. 
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FIG.  29.11.     Special     method     of     processing 
originals   with  large   solid   areas. 

ing  fields  extending  from  the  charged  sur 
face  areas  into  the  air  a  short  distance, 
then  curving  around  the  edges  of  the 
charged  areas  and  entering  the  photocon- 
ductive  layer  outside  the  image  areas  and 
extending  through  the  layer  to  induced 
charges  of  the  opposite  sign  at  the  inter 
face  between  the  photoconductor  and  the 
conductive  backing  plate.  The  fringing 
fields  extend  out  of  the  surface  over  the 
entire  width  of  line  (A)  but  for  the  solid 
area  (B)  they  appear  only  around  the 
edges  of  the  charged  area  and  dwindle  to 
fields  which  are  very  weak  and  undevelop 
able  in  the  center  of  the  area. 

In  Fig.  29.10  (3)  the  charge  density  is 
plotted  vertically  as  a  function  of  position 
across  the  plate.  Note  that  it  is  practically 
uniform  in  height  across  the  width  of  the 
line  (A)  and  of  the  solid  area  (B).  Fig 
ure  29.10  (4)  is  a  plot  of  the  normal  com 
ponent  of  the  electric  field  extending  out 
of  the  plate  surface.  For  the  solid  area 
(B)  the  field  is  high  only  at  the  edges  and 
falls  off  to  a  very  weak  field  in  the  center 
of  the  area.  For  the  line  (A)  the  field 
is  well  above  the  strength  required  to 
attract  toner  particles  across  the  entire 
line  width  but  for  the  solid  area  (B) 
toner  will  be  attracted  only  along  the 
edges  of  the  area.  Note  also  that  the  fields 
have  a  negative  component  just  outside 


the  charged  areas  and  that  the  fields  pass 
through  zero  at  the  boundaries  of  the 
images. 

Figure  29.10  (5)  shows  the  kind  of  toner 
deposits  which  result  from  cascade  devel 
opment  of  the  images.  The  fringing  field 
effect  has  produced  excellent  development 
of  the  line,  with  good  contrast  and  resolu 
tion,  whereas  for  the  solid  area  only  the 
edges  are  developed  and  the  center  is  not 
filled  in.  In  general,  lines  up  to  £  in. 
wide  are  well  developed,  but  beyond  that 
they  will  have  hollow  centers.  Most  lines 
and  characters  appearing  in  drawings  and 
typed  and  printed  matter  are  solidly  de 
veloped  and  difficulty  is  experienced  with 
fill  in  only  with  large  black  characters  and 
solid  areas. 

Solid  areas  can  be  developed  by  use  of 
an  electrode  consisting  of  a  metal  plate 
mounted  parallel  to  the  xerographic  plate 
surface  and  close  to  it  with  just  enough 
space  for  the  developer  to  pass  through, 
as  shown  in  Fig.  29.11(1).  The  electrode 
draws  out  the  field  from  the  photoconduc- 
tive  layer  over  the  entire  charged  areas 
and  raises  the  field  strength  in  the  centers 
of  large  areas  above  the  threshold  neces 
sary  to  remove  toner  from  the  carrier. 
The  centers  of  the  large  areas  are  there 
fore  developed  as  well  as  the  edges  and 
lines,  as  shown  at  (2).10 

The  use  of  a  development  electrode  also 
improves  the  quality  of  cascade  develop 
ment  of  halftone  images  and  is  used  with 
powder  cloud  development  for  producing 
continuous  tone  images. 

So  far  we  have  discussed  positive-to- 
positive  development  where  dark  lines  on 
the  original  are  reproduced  as  dark  lines 
on  the  copy.  Eeversal  development,  i.e., 
the  production  of  positives  from  negatives, 
or  the  production  of  black  line  prints  from 
the  bright  traces  of  cathode-ray  tubes,  is 

10  U.S.P.  2,573,881;  2,690,394;  2,777,418;  2,- 
784,109. 
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possible  by  making  a  simple  change  in 
developer  composition.  Figure  29.12  (1) 
indicates  the  field  conditions  above  a  plate 
which  has  been  exposed  to  a  line  copy 
negative.  The  fields  here  are  similar  to 
those  from  exposure  to  a  positive  but  point 
in  the  opposite  direction,  i.e.,  the  fringing 
fields  from  the  large,  positively  charged, 
areas  remaining  after  exposure  converge 
into  the  uncharged  lines  where  they  pass 
through  the  photoconductive  layer  and 
terminate  in  induced  negative  charges  in 
the  base  plate.  By  using  a  developer  in 
which  the  carrier  beads  have  a  coating 
which  imparts  a  positive  electric  charge 
to  the  toner  powder,  instead  of  the  usual 
negative  charge,  the  toner  is  repelled  by 
the  charged  areas  of  the  plate  surface  and 
is  caused  to  deposit  on  the  uncharged  lines 
where  it  is  held  by  the  induced  negative 
charge  in  the  backing  plate,  as  shown  in 
Fig.  29.12  (2). 

Besides  cascade  development,  two  other 
methods  of  line  copy  development  have 
been  used  to  some  extent.  In  fur  brush  de 
velopment  the  toner  is  picked  up  by  a  fur 
brush  and  applied  to  the  plate,  or  drum, 
by  a  stippling  action.  The  toner  is  pulled 
off  the  brush  by  the  electric  charge  in 
the  image  areas.  Magnetic  brush  develop 
ment  X1  makes  use  of  a  ferromagnetic  car 
rier,  such  as  iron  filings,  several  times 
larger  than  the  toner  particles.  The  toner 
is  mixed  with  this  carrier  and  the  mixture 
is  attracted  to  the  pole  of  a  magnet  to 
form  a  "magnetic  brush."  As  this  brush 
is  swept  over  the  xerographic  plate,  the 
toner  is  deposited  on  the  electrostatic 
image.  Since  the  magnetic  carrier  is  a 
conductive  material,  the  magnetic  brush 
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11  Young  and  Greig,  EGA  Rev.  15,  469-484 
(1954). 

U.S.P.  2,786,439;  2,786,440;  2,786,441;  2,791, 
949;  2,815,449;  2,822,779;  2,832,311;  2,846,333; 
2,851,988;  2,854,947;  2,874,063;  2,890,968;  2,- 
892,445;  2,892,446;  2,904.000. 
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FIG.  29.12.     Reversal   development. 

has  some  of  the  properties  of  a  develop 
ment  electrode,  and  solid  areas  are  filled 
in.  The  magnetic  brush  was  originally 
evolved  for  use  with  zinc  oxide  binder  lay 
ers  on  paper  (Electrofax)  and  has  found 
its  principal  use  with  such  binder  mate 
rials. 

Considerable  experimental  work  has 
been  done  with  liquid  suspension  develop 
ment.12  This  is  a  development  method  in 
which  a  pigment,  such  as  carbon  black  or 
a  paint  pigment,  is  dispersed  in  an  insulat 
ing  liquid,  such  as  a  hydrocarbon  or  car 
bon  tetraehloride.  The  liquid  appears  to 
impart  an  electric  charge  to  the  pigment 
so  that  it  is  attracted  to  an  image  of  oppo 
site  polarity. 

Continuous  Tone  Development.  The 
carrier  systems  of  development,  being  es 
sentially  high  contrast  methods,  are  not 
particularly  well  suited  for  tone  reproduc 
tion.  Most  of  the  work  which  has  been 
done  on  continuous  tone  development  has 
involved  the  use  of  a  powder  cloud  or  a 
liquid  spray.13  In  each  of  these  an  air 

isMetcalfe,  J.  Sci.  Inst.  (London)  32,  74 
(1955).  Metealfe  and  Wright,  ibid.,  33,  194-195 
(1956).  Metealfe  and  "Wright,  J".  Oil  and  Colour 
Chemists  Assn.  (London)  39,  845-856  (1956). 

B.P.  755,486.  U.S.P.  2,877,133;  2,878,120  •  2,- 
890,174;  2,892,709;  2,899,335. 

i3Bixby,  Andrus,  and  Walkup,  Phot.  Eng.  5, 
195-201  (1954).  Biekmore,  Hayford  and  Clark, 
Phot.  Sci.  and  Eng.  3,  210-214  (1959). 

TJ.S.P.  2,725,304;  2,732,775;  2,752,833;  2,784,- 
109;  2,792,971;  2,808,023;  2,808,328;  2,812,883; 
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suspension  of  fine  particles  is  blown  across 
the  xerographic  plate  while  it  is  supported 
in  closely  spaced  relation  to  a  development 
electrode. 

The  development  electrode  functions 
as  already  described  and  shown  in  Fig. 
29.11,  drawing  out  the  electric  field  in 
proportion  to  the  charge  density  on  the 
various  areas  of  the  image.  The  powder  or 
liquid  particles  are  driven  to  the  plate 
surface  in  numbers  approximately  propor 
tional  to  the  charge  density.  In  the  case 
of  powder  clouds,  the  powder  suspension 
is  first  blown  through  fine  tubes  to  break 
up  agglomerates  and  to  impart  the  desired 
polarity  of  charge  to  the  particles  by  con 
tact  with  the  walls  of  the  tube.  In  the  case 
of  liquid  spray  development,  an  induction 
electrode  is  usually  associated  with  the 
liquid  atomizer  to  impart  the  charge.  The 
spray  is  sometimes  led  through  a  passage 
where  the  liquid  component  evaporates  be 
fore  entering  the  development  zone  leaving 
a  dry  dye,  or  pigment,  which  is  deposited 
as  a  powder. 

For  positive-to-positive  processing  the 
development  electrode  is  held  at,  or  near 
to,  ground  potential  and  the  developing 
powder  is  charged  to  a  polarity  opposite 
to  that  on  the  electrostatic  latent  image. 
For  negative-to-positive  processing  the  de 
velopment  electrode  is  given  a  voltage  bias 
close  to  the  maximum  potential  areas  on 
the  xerographic  plate.1*  These  areas  cor 
respond  to  the  darkest  areas  of  the  nega 
tive  used  for  exposure  of  the  plate.  In 
this  case,  the  powder  cloud  is.  charged  to 
the  same  polarity  as  the  electrostatic 

2,815,330;  2,815,734;  2,824,545;  2,824,813;  2,831,- 
409;  2,832,511;  2,837,441;  2,842,456;  2,843,084; 
2,843,295;  2,844,123;  2,859,127;  2,859,128;  2,859,- 
129;  2,862,472;  2,862,646;  2,868,642;  2,868,989; 
2,872,338;  2,873,721;  2,876,737;  2,877,132;  2,878,- 
972;  2,880,699;  2,894,486;  2,899,331;  2,935,234; 
2,942,573;  2,943,950;  2,992,758. 

i^Hayford  and  Bixby,  Phot.  Eng.  6,  173-182 
(1955).  U.S.P.  2,817,598  and  2,817,765. 


image  The  powder  is  then  deposited  on 
the  plate  in  inverse  ratio  to  the  charge 
density;  thus  the  uncharged  areas  receive 
the  most  powder  and  a  positive  print  is 
obtained. 

A  modification  of  the  powder  cloud 
technique  is  used  for  developing  xeroradio- 
graphic  images  produced  by  X-ray  expo 
sures.  In  this  method,  called  open-cham 
ber,  powder  cloud,  development,  the  devel 
opment  electrode  is  not  used.  As  a  result, 
the  continuous  tones  are  only  lightly  de 
veloped  but  heavier  powder  deposits  are 
produced  at  sharp  discontinuities  of  den 
sity  due  to  the  fringing  field  effect  previ 
ously  described.  This  type  of  development 
is  useful  in  the  X-ray  inspection  of  metal 
castings  since  any  flaws  and  voids  are 
emphasized.  It  is  also  helpful  in  the 
examination  of  bone  fractures. 

Transfer.  Where  a  single  use  xero 
graphic  paper  sheet  is  used,  such  as  binder- 
type,  paper-base  materials  (Electrofax, 
LectroX)  the  powder  image  can  be  fixed 
directly  on  the  sheet  and  no  transfer  is 
required.  With  selenium  and  other  reus 
able  systems  the  powder  image  is  trans 
ferred  from  the  xerographic  plate,  or 
drum,  to  another  support,  such  as  a  sheet 
of  ordinary  paper.  The  most  widely  used 
method  is  known  as  electrostatic  transfer. 
As  usually  practiced,  this  involves  laying 
a  sheet  of  plain  paper  over  the  powder 
image  and  then  passing  a  corona  unit 
(corotron  or  scorotron)  over  the  back  of 
the  sheet  to  impart  a  uniform  charge  to 
the  sheet  of  opposite  polarity  to  the  charge 
on  the  powder  which  was  deposited  on 
the  plate  during  development.  As  a  re 
sult,  the  upper  layers  of  the  powder  de 
posit  are  attracted  more  strongly  to  the 
transfer  sheet  than  to  the  xerographic 
plate.  When  the  sheet  is  peeled  away 
from  the  plate,  the  powder  image  comes 
with  it  with  the  exception  of  a  thin  layer 
of  toner  amounting  to  about  10%  of  the 
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original    deposit,    which    remains    on    the 
plate   (see  Fig.  29.4). 

Where  several  copies  are  desired  from  a 
single  powder  image  it  is  possible  to  obtain 
them  by  a  multiple-copy  technique  15  which 
works  as  follows :  Assuming  that  the  pow 
der  image  is  formed  of  negatively  charged 
toner,  a  positive  corona  source  is  first 
passed  over  the  transfer  sheet  to  transfer 
most  of  the  toner  to  it.  Then,  without 
removing  the  sheet,  a  negative  corona 
source  is  passed  over  the  back  of  the  sheet 
to  drive  most  of  the  toner  back  to  the 
plate  surface.  However,  since  transfer  is 
never  complete,  a  thin  layer  of  toner  re 
mains  attached  to  the  transfer  sheet.  This 
is  peeled  off  to  give  the  first  copy.  A 
second  sheet  is  then  laid  on  the  plate  and 
the  process  is  repeated  to  give  a  second 
copy.  As  many  as  eight  xerocopies  can  be 
produced  with  a  single  exposure  by  this 
method. 

Another  transfer  method  which  has  been 
used  to  some  extent  for  continuous  tone 
images  consists  in  rolling  a  sheet  coated 
with  a  tacky  adhesive  against  the  powder 
image.  Moist  photographic  dye-transfer 
paper  is  one  material  which  is  suitable  for 
the  adhesive  transfer  method. 

Resolution.  The  resolution  obtainable 
in  xerographic  images  depends  upon  both 
the  development  method  and  the  transfer 
method  used.  With  cascade  development 
and  electrostatic  transfer,  the  maximum 
resolution  obtainable  is  about  15  lines  per 
millimeter.  Images  have  been  •  produced 
by  powder  cloud  development  followed  by 
adhesive  transfer  with  a  resolution  ex 
ceeding  80  lines  per  millimeter.  However, 
it  is  known  that  powder  images  before 
transfer  can  be  obtained  with  resolutions 
exceeding  200  lines  per  millimeter,  using 


powder  cloud,  magnetic  brush,  or  liquid 
suspension  development.16 

Fixing.  Fixing  is  the  final  step  in  the 
production  of  a  xerographic  print.  It  is 
required  to  bond  the  loosely  attached  pow 
der  image.  The  xerographic  toners  melt 
at  temperatures  in  the  range  between  225° 
and  325 °F.  Fixing  can,  therefore,  be  ef 
fected  by  placing  the  image-carrying  sheet 
in  a  regulated  oven  held  at  about  400°F. 
for  5  to  15  sec.  In  automatic  machines 
the  sheet  or  web  is  usually  passed  under 
a  radiant  fuser  at  a  constant  speed. 

Another  method,  called  vapor  fixing, 
consists  in  placing  the  sheet  in  a  closed 
chamber  containing  the  vapor  of  an  or 
ganic  solvent,  such  as  trichlorethylene  or 
Freon,  for  a  few  seconds.17  The  solvent 
is  absorbed  by  the  toner  until  the  toner 
becomes  tacky  or  liquid.  When  the  sheet 
is  removed  from  the  chamber  the  solvent 
quickly  evaporates,  leaving  the  toner 
bonded  to  the  sheet. 

Xerographic  Machines  and  Equipment. 
At  the  present  rapid  rate  of  development  it 
would  be  fruitless  to  discuss  in  detail  any 
specific  commercial  xerographic  equipment. 
There  are,  however,  certain  general  lines 
of  development  which  may  be  described. 
Equipment  for  manual  operation  uses  flat, 
rigid  xerographic  plates  which  are  either 
used  in  a  darkroom,  or  with  dark  slides., 
to  permit  daylight  operation.  Charging 
is  semiautomatic  with  the  plate,  or  the 
charging  unit,  being  motor  driven  to  ob 
tain  uniform  charging  over  the  whole  sur 
face  and  minimize  the  danger  of  over 
charging.  The  first  commercial  unit,  the 
XeroX  Copier  introduced  in  1950  provided 
for  contact  exposure  to  translucent  orig- 


15U.S.P.   2,812,709. 


e,    Levy,    and    Hall,    Phot.    Sci.    and 
Eng.   4,   37-43    (1960). 

17U.S.P.    2,726,166;    2,776,907;     2,884,704;    2,- 
922,230. 
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PIG.  29.13.     Automatic  xerographic  equipment  for  the   copying  of   documents. 

Similar  equipment  has  been  designed  for  reproducing  from  microfilm  and  for 

printing  from  aerial  negatives. 


inals.  The  versatility  was  greatly  in- 
creased  a  year  later  with  the  provision  of 
a  separate  fixed  focus  camera  unit  for 
same-size  copying,  and  camera  exposure  is 
now  used  exclusively  in  manual  equipment, 
such  as  the  present  XeroX  Processor,  and 
in  darkroom  equipment.  Development  is 
by  means  of  a  tilting  tray  containing  a 
charge  of  developer  mixture.  The  xero 
graphic  plate  is  either  attached  over  the 
tray  or  laid  in  the  bottom  and  the  tray  is 
tilted  back  and  forth  two  to  four  times  to 
cascade  the  developer  over  the  plate  sur 
face.  The  transfer  sheet  is  laid  on  the 
plate  and  the  assembly  is  passed  under  the 
corona  unit  after  which  the  sheet  is  re 
moved  and  placed  in  the  fuser  to  fix  the 
image.18 


18U.S.P.     2,588,675?     2,600,580;     2,777,418;     2,- 
781,704. 


Automatic  xerographic  machines  use  a 
xerographic  drum  coated  with  the  photo- 
conductive  material.  The  devices  for 
charging,  exposure,  development,  transfer, 
and  cleaning  are  mounted  at  stations 
around  the  periphery  of  the  drum  to  per 
form  the  various  operations  automatically 
as  the  drum  rotates.  The  transfer  sheet, 
or  web,  is  passed  under  a  radiant  heat 
fuser  after  it  is  stripped  away  from  the 
drum.  The  general  arrangement  is  shown 
in  Fig.  29.13.  Exposure  is  by  a  slit  pro 
jection  method  in  which  the  motion  of  the 
original  and  the  drum  are  synchronized. 
Machines  have  been  developed  for  copying 
from  opaque  originals  at  full  size,  reduced 
or  enlarged,  for  producing  enlargements 
from  microfilm,  and  for  reproducing  char 
acters  and  facsimile  images  from  the  face 
of  a  cathode-ray  tube.  Machines  operate 
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at  paper  output  speeds  of  up  to  65  ft.  per 
min.  of  finished  copy.19 
Principal  Applications  of  Xerography. 

Automatic  xerographic  machines  are  now 
widely  used  for  the  high-speed  copying  of 
documents  and  drawings,  for  the  produc 
tion  of  enlargements  from  negative  and 
positive  microfilm,  and  for  computer  out 
put  printing  of  the  characters  displayed 
on  the  faces  of  cathode-ray  tubes,  at  output 
speeds  of  20  to  65  ft.  per  min.  of  copy. 

Although  manual  xerographic  equip 
ment  is  sometimes  used  for  making  single 
xerocopies,  or  up  to  8  copies  by  the  mul 
tiple-copy  technique,  the  principal  use  of 
such  equipment  is  in  the  making  of  paper 
masters  at  low  cost  for  use  on  offset  dupli 
cating  machines.  The  fused  xerographic 
toner  images  are  very  receptive  to  offset 
printing  ink.  A  xerographically  prepared 
master  is  capable  of  printing  several  thou 
sand  high-quality  copies.  By  using  a  spe 
cial  transfer  technique,  images  can  also  be 
transferred  to  metal  lithographic  plates 
which  can  run  over  100,000  copies  from  a 
single  image. 

Spirit  duplicating  masters  have  also 
been  produced  by  a  technique  which  uses 
the  fused  xerographic  image  to  pull  out  a 
image  from  a  dye-filled  spirit  carbon  sheet 
to  make  a  master. 

By  transferring  the  toner  image  to  a 
transparent  plastic  sheet  and  fixing  it  in 
a  vapor  fixing  device,  a  transparent  copy 
can  be  made  which  may  be  used  as  a 
master  for  exposing  diazo  and  other  ma 
terials  of  low  sensitivity,  also  for  lantern 
slides  and  for  use  as  ''cells"  in  the  produc 
tion  of  animated  cartoons. 


i9Eeuter,  Phot.  Eng.  7,  73-81  (1956).  Bolton 
a,nd  Goetz,  Phot.  Eng.  7,  137-146  (1956).  Bliss 
and  Young,  EC  A  Kev.  15,  275-290  (1954). 

U.S.P.  2,357,809;  2,705,199;  2,726,940;  2,736,- 
770 ;  2,741,960;  2,781,705;  2,807,233;  2,816,493; 
2,859,673;  2,878,120;  2,878,732;  2,889,758;  2,- 
)07,254. 


Documents  and  drawings  can  be  reduced 
4  or  5  diameters  for  document  condensa 
tion  purposes,  and  the  reduced  images 
placed  on  tabulating  machine  cards  for 
high-speed  sorting  and  handling. 

Xerographic  toner  images  can  also  be 
used  as  resists  for  etching.  A  toner  image 
of  a  wiring  layout  may  be  vapor  fused  onto 
a  copper-clad  plastic  sheet  and  the  bare 
metal  areas  etched  away  to  produce  a 
printed  circuit  wiring  board.20  A  similar 
technique  also  holds  promise  for  the  pro 
duction  of  printing  cuts. 

Automatic  continuous-tone  photofinish- 
ers  using  powder  cloud  development  have 
been  produced  for  making  positive  prints 
from  silver  negatives.  Semiautomatic 
xerographic  field  and  aerial  cameras  have 
also  been  built  for  military  trials.21 

Semiautomatic  equipment  is  in  use  for 
developing  selenium  plates  which  have 
been  exposed  to  X  rays,  and  for  making 
transfers  of  the  images  to  transfer  sheets 
for  xeroradiographic  prints.22 

ELECTROFAX  23  ^ 

The  photosensitive  element  in  the  Elec- 
trofax  process  is  a  mixture  of  a  photo- 
conductor,  usually  zinc  oxide,  and  an  in 
sulating  binder  which  may  be  one  of  the 
many  synthetic  resins.  Other  materials 
are  added  to  change  the  physical  charac 
teristics  of  the  layer  to  suit  a  specific  use. 
The  different  properties  that  can  be  built 
into  a  coating  mixture  by  changing  the 
composition  have  made  electrophotography 
useful  in  several  new  applications. 

2oSehwertz  and  Van  Wagner,  IRE  Convention 
Record  4,  115-120  (1956). 

21U.S.P.  2,831,409   and  2,892,391. 

22Vyverberg,  Clark,  and  Dessauer,  Nondestruc 
tive  Testing  13,  No.  3,  35-40  (1955). 

U.S.P.  2,711,481;  2,759,450;  2,771,002;  2,802,- 
948;  2,802,949;  2,809,294;  2,817,767;  2,856,535; 
2,859,350;  2,861,543;  2,879,397. 

23  Registered  Trade  mark. 
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A  direct  printing  electrophotographic 
paper 24  on  which  the  latent  image  is 
formed,  developed,  and  fixed  to  produce 
a  permanent  print  was  the  first  product. 
The  procedures  for  printing  an  image  may 
vary  from  use  to  use,  but  in  each  a  latent 
image  is  first  formed  on  the  layer  of  in 
sulating  photoeonductor  and  then  made 
visible  by  the  physical  deposition  of  one 
of  the  large  variety  of  developers  available 
for  electrophotography.  The  unsensitized 
white  Electrofax  coating  has  a  response 
to  light  suitable  for  projection  printing 
and  enlargement  from  microfilm.  It  is, 
however,  sensitive  only  to  ultraviolet  and 
blue  light  paralleling  the  light  absorption 
characteristics  of  white  zinc  oxide.25' 26' 27 
Spectral  response  reaching  from  the  ultra 
violet  through  the  visible  spectrum  into 
the  red  and  near  infrared  is  obtained  by 
dye  sensitization  of  the  coating.24  The 
broader  absorption  characteristics  of  the 
organic  dyes,  superimposed  on  those  of  the 
zinc  oxide,  greatly  increases  the  sensitivity 
to  light  from  an  incandescent  source,  but 
the  quantum  gain  is  still  limited  to 
unity.25' 2S  The  normal  procedure  for 
printing  an  image  is  to  first  spread  a  uni 
form  negative  electrostatic  charge  on  the 
surface  of  the  insulating  photoeonductor. 
This  can  be  accomplished  in  safe-light  by 
ion  transfer  from  a  corona  charging  unit. 
Exposure  of  the  charged  surface  to  a  light 

24  Young  and  Greig,  Electrof  ax-Direct  Electro 
photographic  Printing  on  Paper,  RCA  Rev.,  XV, 
No.  4,  469  (December  1954). 

ssRuppel,  Gerritsen,  and  Hose,  An  Approach 
to  Intrinsic  Zinc  Oxide,  Helv.  Phys.  Ada  30,  495 
(November  1957). 
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image  by  conventional  methods  creates  a 
latent  image  which  is  made  up  of  the  nega 
tively  charged  areas  that  were  shielded 
from  light  during  exposure.  For  direct 
printing  (positive  print  from  a  positive 
master),  pigmented  developer  particles 
with  positive  charges  are  brought  into  con 
tact  with  the  surface  where  they  are  re 
tained  in  the  latent  image  by  the  attrac 
tion  of  opposite  charges.  To  print  a  re 
verse  image  (positive  print  from  a  nega 
tive  master)  the  developer  particles  carry 
negative  charges  and  so  are  repelled  by  like 
charges  in  the  image  areas.  They  adhere 
to  the  exposed  areas  either  in  outline  by 
the  attractive  force  on  a  dielectric  material 
in  a  diverging  field  or  as  solid-color  areas, 
probably  by  the  contact  charging  of  two 
different  materials.  It  should  be  kept  in 
mind  that  the  solid-state  physics  of  many 
of  the  phenomena  described  here  is  more 
complicated  than  the  simple  explanations 
given  for  procedural  simplicity.  When 
the  image  has  been  developed  with  a  ther 
moplastic  material  a  durable  print  is  ob 
tained  by  heating. 

One  of  the  features  of  the  photoconduc- 
tive  surface  is  that  it  is  capable  of  repeat 
printing.  Developer  materials  can  be 
made  in  any  color  and  multicolor  prints 
are  made  by  repeating  the  printing  pro 
cedure  with  color-separation  masters  for 
each  color.  This  technique  is  presently  in 
use  for  line  printing  only;  however,  a 
simple  three-color  process  will  eventually 
come  as  the  techniques  and  materials  are 
improved.29 

One  of  the  interesting  developments 
which  has  come  out  of  the  work  on  this 
process  is  the  reduction  to  practice  of  a 
high-speed  printer  for  computer  write-out. 
The  development  of  a  thin-window,  cath- 
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ode-ray  tube 30  has  made  it  possible  to 
print  more  than  10,000  letters  per  second 
with  paper  travel  at  more  than  120  ft.  per 
min.  With  conventional  cathode-ray  tube, 
printing  by  projection  through  an  //4  lens 
at  maximum  phosphor  brightness,  only 
about  200  to  300  letters  per  second  are 
possible  because  of  the  sensitivity  limita 
tions  of  the  present  Electrofax:  paper.  The 
thin-window  tube,  however,  has  overcome 
the  sensitivity  handicap  by  permitting  con 
tact  printing  from  the  face  of  the  tube. 

Other  uses  for  the  process  are  based  on 
the  fact  that  modification  of  the  coating 
formula  can  make  it  suitable  for  coating 
almost  any  surface  which  has  conductivity 
enough  for  efficient  charging.  Adequate 
conductivity  for  charging  the  paper  is  ob 
tained  either  by  metallizing  the  surface 
before  the  photoconduetive  coating  is  ap 
plied  or  by  conditioning  the  paper  after 
coating  so  that  the  base  sheet  is  not  dry 
enough  to  become  an  insulator.  Conduc 
tivity  in  the  substrate  is  needed  only  dur 
ing  the  charging  with  the  corona  unit. 

With  a  binder-developer  combination 
which  gives  the  fixed  image  insolubility 
in  a  solvent  that  will  dissolve  the  binder 
and  remove  the  coating  from  nonimage 
areas  to  expose  a  substrate,  the  Electrofax 
photosensitive  layer  is  used  as  a  photo 
resist.31  Presently  this  photo-resist  is  not 
grainless  like  the  conventional  bichromated 
colloids  or  resins ;  however,  it  has  adequate 
detail  for  many  uses.  The  real  advantage 


is  the  great  increase  in  sensitivity  to  light 
over  the  conventional  photo-resists.  Im 
ages  are  printed  directly  from  opaque  copy 
in  the  conventional  process  camera. 

With  still  other  developer-binder  com 
binations  the  normally  water-resistant 
photosensitive  surface  is  chemically  treated 
to  make  it  hydrophilic  while  the  image 
remains  unchanged,  causing  it  to  be  re 
ceptive  to  the  inks  used  for  offset  printing. 
The  Electrofax  print  is  now  an  offset 
printing  plate  and  is  used  in  the  conven 
tional  presses  to  reproduce  hundreds  of 
copies. 

Electrophotography  has  shown  remark 
able  growth  from  the  time  when  Xerog 
raphy,32  the  first  successful  process,  was 
introduced  in  1948.  It  is  still  in  the  early 
stages  with  many  new  and  useful  modifica 
tions  of  the  basic  process  yet  to  come. 
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Chapter  30 

PRINCIPLES  OF  COLOR  PHOTOGRAPHY 


Methods  of  Photographic  Color  Repro 
duction.  Ever  since  photography  became 
an  actuality,  experimenters  in  the  field 
have  attempted  to  make  photographs  in 
color.  The  colors  of  scenes  clearly  visible 
in  the  camera  obscura  seemed  to  be  at  least 
as  readily  obtainable  as  a  monochromatic 
image.  Subsequent  work  showed  that  the 
monochromatic  image  was  far  more  easily 
attained!  Although  efforts  to  reproduce 
color  photographically  continued  slowly 
and  painfully  alongside  the  relatively 
rapid  and  successful  growth  of  monochro 
matic  photography  (Chapter  1),  color 
photographs  were  not  available  except  as 
laboratory  demonstrations  until  well  into 
the  twentieth  century.  Even  though  the 
principles  of  color  photography  were  well 
known  by  1875,  until  research  and  devel 
opments  in  emulsion  technology,  color 
theory,  dye  chemistry,  and  many  related 
fields  progressed  sufficiently,  color  photog 
raphy  could  not  become  the  practical  real 
ity  now  rapidly  expanding  into  almost 
all  areas  of  photographic  recording. 

A  look  backward  shows  that  there  were 
two   parallel  paths  to   color  photography 
available  to  experimenters  in  the  nineteenth 
century.     One  way  of  reproducing  a  sub 
ject  in  color  by  photography  involved  the 
exact  matching  of  the  energy  distribution 
of  the  light  received  from  each  part  of  the 
subject.     If,   for   example,   a  lemon  were 
photographed  on  a  table  with  blue  sky  as  a 
background,  one  might  strive  to  duplicate 
exactly  in  a  color  photograph  of  the  yellow 
lemon  and  the  blue  sky  the  light  quality,  or 
energy   distribution   of  the  light,    coming 
from  those  areas  (Fig.  30.1).     If  success 


ful,  the  resulting  color  photograph  would 
exactly  match  the  colors  of  the  lemon  and 
the  blue  sky  for  all  observers  and  under  all 
conditions  of  illumination.  Such  a  method 
of  color  photography  would  be  called  an 
objective  or  physical  method.  Although 
of  no  commercial  value  today,  the  prin 
ciples  and  procedures  used  in  objective 
color  reproduction  are  interesting  and  in 
structive. 

Objective  or  Physical  Color  Photogra 
phy.  As  early  as  1810,  Seebeck  observed 
that  when  moist  silver  chloride  was  ex 
posed  to  intense  colored  light,  such  as  the 
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FIG.  30.2.     Schematic  diagram  of  Lippman  plate. 
Left,     Position  of  silver  laminae  produced  by  exposure. 
Color  image  visible  on  viewing  by  reflection  from  the  silver  laminae. 


solar  spectrum,  it  partook  the  colors  of 
the  light  falling  on  it.  While  the  colors 
were  not  exact,  nor  could  they  be  made 
permanent,  at  least  they  indicated  the 
colors  of  the  original.  Such  color  repro 
duction,  poor  as  it  was,  stimulated  many 
investigators  and  resulted  eventually  in  a 
photographic  color  process  based  on  an 
explanation  of  how  the  colors  were  formed 
in  the  silver  chloride.  Interference  of 
light  was  proposed  as  the  source  of  the 
colors  and  Lippmann  prepared  in  1891  an 
extremely  fine-grain  collodion  emulsion  of 
silver  chloride  to  make  use  of  interference 
in  obtaining  a  color  photograph.1  Al 
though  the  exposure  time  required  was  ex 
tremely  long  and  the  procedure  required 
for  exposure  and  viewing  rather  impracti 
cal,  the  Lippmann  plate  was  capable  of 
exceptionally  good  color  reproduction. 

The  color  reproduction  obtained  with 
the  Lippmann  plate  was  based  on  the  for 
mation,  during  development,  of  successive 
layers  of  silver  down  through  the  emulsion, 
the  layers  being  parallel  to  the  emulsion 
surface.  The  distance  between  the  layers 
was  dependent  on  the  wave  length  of  the 
light  that  exposed  the  emulsion.  If  red 
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light  reached  the  plate,  the  layers  would 
be  developed  relatively  far  apart,  while 
with  blue  light  they  would  be  closer  to 
gether  because  of  the  shorter  wave  length 
of  blue  light.  The  possibility  of  forming 
the  silver  layers  was  due  to  the  establish 
ment  of  standing  waves  in  the  emulsion. 
The  surface  of  the  emulsion  away  from  the 
source  of  light  was  in  contact  with  a  mer 
cury  reflecting  surface,  thus  establishing 
the  standing  waves  in  the  emulsion.  The 
distance  between  nodes  was  dependent  on 
the  wave  length  of  the  exposing  light.  At 
distances  from  the  reflecting  surface  where 
light  reinforcement  took  place,  a  layer  of 
silver  could  be  developed  (Fig.  30.2).  At 
other  distances  there  would  be  insufficient 
light,  due  to  interference,  to  expose  the 
emulsion  sufficiently.  When  the  emulsion 
side  of  the  developed  plate  was  viewed 
with  white  light  by  reflection,  at  the  cor 
rect  angle,  a  positive  color  picture  was 
visible  (Fig.  30.2).  The  color  was  due  to 
the  light  following  the  same  optical  path  in 
the  emulsion  as  in  the  original  exposure. 
The  layers  of  silver,  acting  as  mirrors,  al 
lowed  only  light  to  pass  freely  of  the  same 
wave  length  as  caused  the  spacing  of  the 
silver  layers.  The  spectral  energy  distri 
bution  of  the  light  reflected  is  thus  the 
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same  as  that  received  from  the  subject  pho 
tographed,  and  we  have  a  physical  re 
creation  of  the  same  light  quality  or  color.2 

Another  physical  or  objective  method  is 
the  micro-dispersion  process.  This  process 
was  invented  and  described  by  several 
workers  in  England  and  France  between 
1895  and  1912.  The  subject  is  recorded 
photographically,  but  the  image  is  broken 
up  into  many  small  areas  or  lines.  The 
silver  negative  thus  consists  of  a  large 
number  of  minute  areas  which,  seen  at 
normal  viewing  distance,  merge  together 
to  appear  like  a  continuous  tone  image. 
In  addition  to  the  screen  causing  the  for 
mation  of  the  small  areas  or  lines,  a  prism 
is  inserted  into  the  beam  of  the  image- 
forming  light.  The  prism  disperses  the 
light  for  each  small  area  into  a  minute 
spectrum.  The  light  intensity  in  each  part 
of  each  spectrum  will  be  determined  by  the 
color  of  the  light  from  that  area  of  the 
original  subject  being  photographed. 
Thus,  the  little  spectra  imaged  on  the 
emulsion,  which  together  would  make  up 
the  negative  image  of  the  yellow  lemon, 
would  be  bright  in  the  red,  yellow,  and 
green  parts  of  their  spectra  and  dark  in 
the  blue  region.  Approximately  the  re 
verse  would  be  true  for  areas  which  to 
gether  formed  the  image  of  the  blue  sky. 
The  silver  densities  developed  in  the  nega 
tive  would  be  dependent  on  the  brightness 
of  the  light  in  the  various  parts  of  each  of 
the  spectra  forming  the  image. 

When  a  black-and-white  negative  con 
taining  such  spectra  images  is  contact 
printed  to  obtain  a  silver  positive  image, 
the  positive  may  be  viewed  in  the  same 
optical  system  of  prism  and  screen  as  was 
used  in  taking  the  photograph.  Each  little 
positive  silver  spectrum  image  will  control, 
by  its  varying  density  through  the  spec 
trum,  the  light  transmitted.  In  the  posi- 
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tive  image  of  the  lemon,  for  example,  the 
clear  areas  in  the  red,  yellow,  and  green 
regions  allow  these  colors  to  pass  freely 
while  the  blue  light  is  blocked  by  silver. 
In  this  way  the  original  spectral  energy 
distribution  of  each  part  of  the  subject  is 
re-created. 

Although  both  the  Lippmann  plate,  with 
its  color  formation  dependent  on  the  inter 
ference  of  light,  and  the  micro-dispersion 
process,  with  its  minute  spectra,  are  ca 
pable  of  excellent  color  reproduction,  their 
limitations  in  exposure  and  viewing  are  so 
great  that  they  are  impractical  for  com 
mercial  use. 

Trichromatic  Color  Photography.  The 
alternate  approach  to  color  photography  is 
called  the  subjective  or  trichromatic  anal 
ysis  method.  It  is  based  on  the  investiga 
tions  (1801)  of  Thomas  Young  into  human 
color  vision.  Out  of  his  studies  and  those 
of  other  workers  came  the  hypothesis  that 
human  color  vision  is  based  on  some  sort 
of  three-part  color  analysis,  in  the  ob 
server's  eyes,  of  the  light  received  from 
the  subject.  Other  investigators  had 
worked  with  three  colors  when  carrying 
out  color  mixing  and  matching  experi 
ments,  but  Young  suggested  that  the  tri 
chromatic  receptor  characteristics  of  the 
human  eye  were  the  basis  for  color  vision. 
Young's  work  was  extended  by  others, 
notably  Helmholz,  and  their  hypothesis  is 
known  as  the  Young-Helmholz  theory  of 
color  vision.  Mixing  experiments  showed 
that  almost  all  colors  could  be  matched 
visually  by  a  suitable  mixture  of  three 
colors.  The  particular  sensation  of  color 
on  the  part  of  the  observer  was  due  to  the 
ratio  of  the  three  stimuli  received.  The 
correct  color  impression  of  the  yellow 
lemon  and  the  blue  sky  could  thus  be  per 
ceived  by  the  human  observer  just  as  well 
by  supplying  his  eyes  with  suitable  mix 
tures  of  three  colors,  usually  a  red,  a  green, 
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PIG.  30,3,    Relative  amounts  of  arbitrarily  selected  monochromatic  primaries 
(631,   537  and  470   m^)    required   to   visually   match:    Left.     Yellow   lemon; 

Eight.    Blue  sky. 


and  a  blue  (Fig.  30.3).  Although  the 
visual  sensation  would  be  the  same  as  that 
obtained  when  looking  at  the  original  sub 
ject,  the  energy  distribution  of  the  light 
might  be  very  different  from  that  received 
from  the  subject. 

James  Clerk  Maxwell,  in  the  course  of 
his  investigations  of  Young's  hypothesis, 
pointed  out  in  1855  and  demonstrated  in 
1861  that  these  principles  could  be  applied 
to  reproduce  a  colored  scene  by  means  of 
photography.  Maxwell  was  thus  using 
photography  as  a  way  of  demonstrating 
Young's  theory  of  tricolor  vision  rather 
than  as  a  demonstration  of  color  photog 
raphy.  The  method  Maxwell  used,  how 
ever,  has  been  the  foundation  on  which 
are  based  all  current  three-color  photo 
graphic  processes. 

Maxwell  noted  that  the  trichromatic 
theory  indicated  that  the  visual  appear 
ance  of  a  color  could  be  matched  by  a 
proper  mixture  of  three  differently  colored 
light  sources.  The  three  chosen  colors 
were  red,  green,  and  blue,  the  so-called 
"primary  colors7'  whose  additive  mixtures 
will  match  all  but  a  few  very  saturated 
colors. 


If,  for  example,  circular  beams  of  white 
light  are  directed  upon  a  screen  but  pass 
first  through  red,  green,  and  blue  filters  as 
shown  in  Fig.  30.4,  the  combination  of 
red  and  green  produces  yellow,  green  and 
blue  produce  cyan,  and  all  three  together 
produce  white.  Various  other  colors  may 
be  produced  by  the  combination  of  these 
primary  colors  in  varying  proportions. 
Thus,  the  addition  of  green  to  red  will  pro 
duce  orange,  yellow,  or  yellow-green,  de 
pending  upon  the  relative  intensity  of 
the  green  to  the  red;  in  like  manner,  the 
combination  of  green  and  blue  produces 
various  blue-greens,  and  combinations  of 
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FIG.  30.4.    Diagram    of    additive   mixture    of 

three  primary  colors  producing  various  colors 

as  well  as  white  light. 
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red  and  blue  can  produce  all  variations  of 
magenta. 

Maxwell's  use  of  these  principles  in  his 
demonstration  of  color  photography  is  best 
expressed  in  his  own  words:  "Let  it  be 
required  to  ascertain  the  colors  of  a  land 
scape  by  means  of  impressions  taken  on  a 
preparation  equally  sensitive  to  rays  of 
every  color.  Let  a  plate  of  red  glass  be 
placed  before  the  camera,  and  an  impres 
sion  taken.  The  positive  of  this  will  be 
transparent  wherever  the  red  light  has 
been  abundant  in  the  landscape,  and 
opaque  where  it  has  been  wanting.  Let  it 
now  be  put  in  a  magic  lantern  along  with 
the  red  glass,  and  a  red  picture  will  be 
thrown  on  the  screen.  Let  this  operation 
be  repeated  with  a  green  and  violet  glass, 
and,  by  means  of  three  magic  lanterns, 
let  the  three  images  be  superimposed  on 
the  screen.  The  color  of  any  point  on  the 
screen  will  then  depend  on  that  of  the 
corresponding  point  of  the  landscape ;  and, 
by  properly  adjusting  the  intensities  of 
the  lights,  etc.,  a  complete  copy  of  the 
landscape,  as  far  as  visible  color  is  con 
cerned,  will  be  thrown  on  the  screen.  The 
only  apparent  difference  will  be  that  the 
copy  will  be  more  subdued,  or  less  pure  in 
tint,  than  the  original.7' 3  Although  Max 
well's  demonstration  did  not  yield  good 
color  reproduction,  the  fundamental  pro 
cedures  of  three-color  photography  had 
been  established.  It  must  be  remembered 
(see  Chapter  1)  that  only  slow  collodion 
plates  were  available  to  Thomas  Sutton, 
Maxwell's  assistant  in  the  demonstration, 
and  that  color  sensitizing  was  unknown. 
Exposure  times  were  therefore  excessive 
and,  color  analysis  imperfect.4 

Two  Stages  of  Color  Reproduction.  In 
the  method  demonstrated  by  Maxwell  and 
in  all  current  commercial  methods  of  three- 
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color  photography,  there  are  two  distinct 
stages  when  making  the  reproduction. 
The  first  stage  is  the  tricolor  analysis.  In 
Maxwell's  demonstration  the  analysis  con 
sisted  of  exposing  three  separate  photo 
graphic  plates  through  red,  green,  and 
blue  niters.  This  operation  analyzed  the 
light  from  the  subject  in  terms  of  its 
color  characteristics.  A  red  sensitive  pho 
tographic  emulsion  exposed  behind  a  red 
filter  and  developed  to  a  negative  would 
show,  as  silver  densities,  the  amount  of  red 
light  reflected  from  each  area  of  the  sub 
ject.  The  greater  the  amount  of  red  re 
flected  from  any  particular  part  of  the 
subject,  the  greater  the  density  of  the 
corresponding  parts  of  the  black-and-white 
negative.  Areas  which  did  not  reflect  red 
light  were  completely  clear,  whereas  areas 
reflecting  only  a  small  amount  of  red  were 
recorded  at  low  densities. 

The  second  negative,  made  with  a  green 
filter,  records  the  green,  and  a  third  nega 
tive  made  with  a  blue  filter  records  the 
blue  reflected  from  the  various  parts  of 
the  subject.  Hues  that  were  formed  from 
two  or  more  of  these  colors  were  recorded 
on  two  or  more  negatives  in  accordance 
with  the  amount  of  light  of  each  primary 
color  reflected.  Thus,  the  three  negatives 
collectively  recorded,  in  terms  of  silver 
densities,  all  the  colors  of  the  subject. 
This  is  the  tricolor  analysis  of  the  subject. 
The  photographic  emulsion  is  the  storage 
medium  for  the  tricolor  information. 

Color  Synthesis.  The  second  stage  in 
any  tricolor  photographic  process  is  the 
color  synthesis.  This  involves  the  recom 
bination  in  the  form  of  color  images  of 
the  information  stored  during  the  color 
analysis  as  the  three  separate  negative 
silver  images.  In  Maxwell's  classic  ex 
periment,  the  synthesis  was  carried  out 
by  making  three  separate  silver  positive 
images  or  lantern  slides  from  the  negatives 
and  then  projecting  them  in  register  on 
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a  screen  through  red,  green,  and  blue  fil 
ters.  This  recombination  was  the  synthesis 
of  the  color  picture  for  the  eyes  of  the 
observers. 

No  matter  how  complex  or  simple  the 
process  of  color  photography  may  seem, 
each  process  contains  or  uses  these  two 
stages  of  color  analysis  and  color  synthesis. 
Often  the  three  color-separation  negatives 
are  never  observed  as  such  and  often  the 
color  synthesis  takes  place  inconspicuously 
in  a  single  piece  of  paper  or  film  rather 
than  in  anything  as  obvious  as  Maxwell's 
three  projectors  with  their  color  images  on 
the  screen.  The  two  operations  are  a  part 
of  every  process  and  must  be  completed 
properly  to  obtain  satisfactory  color  re 
production. 

There  are  two  distinctly  different  ways 
of  carrying  out  the  color  synthesis,  just  as 
there  are  two  common  ways  of  obtaining 
color  in  everyday  life. 

Additive  Color  and  Subtractive  Color 
Formation.  The  trichromatic  theory  of 
color  vision  is  based  on  many  experiments 
that  have  shown  that  a  suitable  mixture 
of  three  primary  colored  lights,  such  as 
red,  green,  and  blue,  can  match  almost  all 
colors.  The  mixture  of  these  three  colors 
can  take  place  additively  as  shown  in  Fig. 
30.4.  Since  the  three  colored  lights  are 
added,  one  to  the  other,  to  obtain  a  suitable 
mixture,  the  color  is  said  to  be  obtained 
additively. 

Color  may  be  produced  also  by  subtract 
ing  light  of  certain  wave  lengths  from 
white  light.  A  yellow  filter  transmits  red 
and  green  and  absorbs  blue.  In  other 
words,  yellow  is  minus  blue ;  it  contains  all 
the  colors  of  the  spectrum  except  blue. 
If  a  yellow  filter  is  placed  on  a  white  paper 
or  in  front  of  a  source  of  white  light,  and 
then  over  this  a  magenta  filter  which  ab 
sorbs  green  light,  as  in  Fig.  30.5,  only  red 
light  will  be  reflected  or  transmitted  to  the 
observer.  Similarly,  a  combination  of 


FIG.  30.5.    Superimposed  color  filters  produce 
mixture  colors  by  subtraction. 

cyan  and  yellow  filters  produces  green  as 
the  yellow  absorbs  the  blue  and  the  cyan 
the  red,  leaving  only  the  green.  A  blue 
image  may  be  obtained  through  a  com 
bination  of  magenta  and  cyan  filters. 
Thus,  the  three  "  primaries, "  red,  green, 
and  blue,  as  well  as  other  colors,  may  be 
produced  by  subtracting  color  from  white 
by  means  of  cyan,  magenta,  and  yellow 
colorants.  This  is  known  as  subtractive 
color  formation. 

Additive  Color  Synthesis.  Trichromatic 
color  photographs  can  be  produced  by 
additive  or  subtractive  color  synthesis.  In. 
the  three  processed  separation  negatives 
that  are  the  result  of  the  tricolor  analysis, 
the  silver  densities  in  each  negative  are 
measures  of  the  amount  of  the  three  pri 
mary  colors  reflected  from  each  part  of 
the  subject.  Thus  the  silver  densities  in 
the  separation  negative  exposed  through 
the  red  filter  indicate  the  presence  of  red 
in  the  subject. 

If  black-and-white  positive  transparen 
cies  are  made  from  these  negatives,  color 
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FIG.  30.6.    Additive  projection. 

In  the  tricolor  separation  negatives  the   silver   densities   in   A   represent  the 
presence  of  red  in  the  subject,  in  B  the  presence  of  green,  and  in  C  the  presence 

of  blue. 

In   positive   transparencies   from   these    negatives,    the    silver   densities    in    A 
represent  the  absence  of  red  in  the  subject,  B  the  absence  of  green,  and  C 

the  absence  of  blue. 


will  be  indicated  by  lack  of  density.  In 
the  positive  from  the  red  separation  nega 
tive,  for  example,  areas  corresponding  to 
red  parts  of  the  subject  will  be  almost 
clear,  those  containing  some  red  repre 
sented  by  a  low  density,  and  those  without 
red  by  a  relatively  high  density.  This 
positive  is  therefore  a  photographic  rec 
ord,  in  terms  of  silver  density,  of  the  ab 
sence  of  red  in  the  subject  photographed. 
The  greater  the  silver  density,  the  less 
red  present  in  the  subject. 

This  positive  image,  when  viewed  by  red 
light,  will  inform  the  observer  of  the  red 
component  present  in  the  various  parts 
of  the  subject.  In  like  manner,  positive 
transparencies  made  from  the  other  two 
negatives  will  control  the  corresponding 
green  and  blue  color  components  of  the 
subject  when  viewed  with  light  of  the 
same  colors  as  were  used  in  exposing  the 
negatives. 

It  is  now  only  necessary  to  combine  the 
three  images  to  produce  a  representation 
in  full  color  of  the  subject  photographed. 
The  images  may  be  combined  in  several 
ways.  The  three  positives  may  be  placed 
in  a  specially  designed  triple  projector 


(Fig.  30.6)  which  is  arranged  so  that  the 
three  images  can  be  made  to  coincide  upon 
the  screen.  The  three  positives  may  also 
be  used  beneath  filters  and  the  images 
superimposed  with  the  aid  of  mirrors  in 
an  instrument  known  as  a  photochromo- 
scope  (Fig.  30.7).  A  modern  form  of  this 
instrument  is  the  Curtis  Color  Analyst. 
Other  methods  of  viewing  are  dependent 
on  the  physical  nature  of  the  additive  proc- 
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FIG.  30.7.    Photoehromoseope. 
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ess — such  as  color  screen  or  lenticular 
processes  (Chapt.  31). 

There  have  been  many  attempts  to  uti 
lize  this  system  of  making  colored  pictures. 
The  color  fidelity  obtainable  with  such 
methods  is  quite  satisfactory,  but  because 
of  expensive  and  inconvenient  viewing  or 
projecting  devices,  they  have  never  at 
tained  widespread  popularity.  The  widest 
use  for  the  additive  synthesis  method  has 
been  in  color  motion  pictures 5  and  color 
screen  processes.  Commercial  color  tele 
vision  makes  use  of  additive  synthesis. 

Subtractive  Color  Synthesis.  In  addi 
tive  color  synthesis  the  silver  densities  of 
the  three  positive  images  acted  as  light 
valves  to  control  the  relative  amounts  of 
red,  green,  and  blue  light  reaching  the  ob 
server's  eye  when  looking  at  the  additive 
color  reproduction.  This  control  of  the 
primary  colors  is  the  basic  requirement  of 
any  trichromatic  color  process.  If  this 
same  information  can  be  supplied  to  the 
observer  in  any  other  way,  the  color  re 
production  will  appear  the  same.  The 
subtractive  method  of  color  can  be  used  to 
achieve  this  result. 

If  the  positive  silver  image  prepared 
from  the  red  filter  color-separation  nega 
tive  is  converted  to  a  cyan  colorant  (dye, 
ink,  pigment),  the  cyan  acts  in  the  same 
manner  toward  red  light  as  a  silver  image 
— it  absorbs  it.  The  cyan  image  can  thus 
act  as  a  light  valve  to  control  the  quantity 
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s  Klein,  Colour  Cinematography,  American  Pho 
tographic  Publishing  Co.,  Boston,  1940. 


FIG.  30.8.     Effect  of  substituting  three  colored 
for  three  silver  images. 

of  red  light.  If  it  is  a  good  cyan  it  will 
absorb  just  as  much  red  light  as  a  black 
silver  image.  A  positive  cyan  image  may 
therefore  be  substituted  in  the  projection 
lantern  for  the  silver  image.  The  appear 
ance  of  the  projected  image  will  be  the 
same  in  both  cases.  This  explains  why 
cyan  is  often  termed  " minus-red."  In  a 
similar  manner,  magenta  (minus-green) 
and  yellow  (minus-blue)  may  be  substi 
tuted  for  the  black  silver  in  the  positives 
made  from  the  green  and  blue  filter  nega 
tives,  respectively. 

The  cyan,  magenta,  and  yellow  images 
are  not  only  equivalent  to  the  three  silver 
positives  when  used  as  shown  in  Fig.  30.8, 
but  they  have  a  significant  advantage  in 
that  they  may  be  superimposed  in  a  single 
white  light  projector  without  any  filter 
and  supply  similar  information  to  the 
observer.  In  this  case,  Fig.  30.9,  the  cyan 
image  subtracts  red  from  the  white  light 
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FIG.  30.9.     Subtractive  schemes. 
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of  the  projector  in  the  proper  areas,  the 
magenta  image  subtracts  green,  and  the 
yellow  image  subtracts  blue.  This  infor 
mation  is  the  same  as  that  supplied  by  the 
additive  synthesis ;  i.e.,  areas  in  which  each 
primary  color  was  and  was  not  present  in 
the  subject  and  how  much  in  each  area. 
This  information  is  all  the  eye  requires 
to  obtain  a  color  representation  of  the 
original  scene.  Such  a  synthesis,  using 
superimposed  cyan,  magenta,  and  yellow 


images  in  a  single  projector,  over  a  white 
illuminator,  or  on  a  reflecting  white  sur 
face,  such  as  paper,  is  a  subtractive  color 
synthesis. 

The  great  majority  of  photographic 
color  reproductions  are  now  made  by 
means  of  a  subtractive  color  synthesis.  A 
discussion  of  the  production  of  suitable 
cyan,  magenta,  and  yellow  colorant  images 
includes  the  techniques  of  almost  every 
practical  color  process  in  use  today. 


Chapter  31 

METHODS  OF  COLOR  ANALYSIS 


The  Tricolor  Analysis.  All  trichromatic 
systems  of  color  photography  must  incor 
porate  a  tricolor  analysis  and  recording  of 
the  color  characteristics  of  the  subject. 
The  materials  for  carrying  out  this  analy 
sis  and  recording  take  many  different 
physical  forms.  The  particular  products 
used  are  determined  to  a  considerable  ex 
tent  by  the  method  of  color  synthesis  that 
will  be  followed.  There  are,  however,  cer 
tain  basic  requirements  that  must  be  ad 
hered  to  if  a  satisfactory  color  analysis  is 
to  be  obtained. 

Requirements  of  Color-Separation  Nega 
tives.  The  purpose  of  a  set  of  three  color- 
separation  negatives  is  to  record,  as  varia 
tions  in  their  silver  densities,  the  relative 
amounts  of  red,  green,  and  blue  present  in 
the  subject  being  photographed.  The 
three  negative  silver  images  obtained  are 
printed  or  converted  to  positive  images 
which  then  act  as  light  valves  to  control 
.the  relative  amounts  of  red,  green,  and 
blue  that  will  finally  form  the  reproduc 
tion — whether  in  the  form  of  an  additive 
mixture  of  red,  green,  and  blue  light,  or  as 
a  subtractive  mixture  of  cyan,  magenta, 
and  yellow  dyes,  inks,  or  pigments. 

Since  the  color  images  must  be  super 
imposed  in  the  final  reproduction,  the  three 
negative  images  should  be  of  the  same  size, 
be  made  from  the  same  position,  and  be 
equally  sharp  in  all  portions.  The  filters 
and  emulsion  sensitivities  chosen  usually 
divide  the  visible  spectrum  into  three  ap 
proximately  equal  parts.  Ordinarily  the 
recording  of  a  scale  of  grays  should  be  the 
same  on  each  of  the  three  negatives.  This 
is  not  always  required  because  the  fol 


lowing  color  synthesis  may  necessitate  the 
use  of  unbalanced  neutral  scales  to  obtain 
satisfactory  color  reproduction. 

Filters  for  Three-Color  Photography. 
The  exact  information  recorded  in  the  tri 
color  analysis  is  determined  by  the  charac 
teristics  of  the  subject,  the  transmissions 
of  the  red,  green,  and  the  blue  filters  in 
conjunction  with  the  spectral  sensitivity 
of  the  photographic  emulsion  or  emulsions, 
and  the  spectral  distribution  of  the,  light 
illuminating  the  subject.  A  wide  variety x 
of  tricolor  separation-filter  characteristics 
have  been  proposed  ranging  from  the  divi 
sion  of  the  visible  spectrum  into  three  nar 
row  mutually  exclusive  bands  to  division 
by  filters  with  wide  regions  of  overlap 
similar  to  the  color  mixture  curves  ob 
tained  from  studies  of  the  trichromatic 
nature  of  color  vision.  Newton  and  Bull, 
in  1904,  proposed  as  an  ideal  set  of  tri 
color-separation  filters 2  those  shown  in 
Fig.  31.1. 


FIG.  31.1.     Curves    of    "ideal"    three-color 
filters. 

The  spectrum  is  divided  by  these  filters 
into  three  broad  and  two  narrow  bands. 
Ultraviolet  light  is  excluded  and  the  spec- 


1  Ives,  J.  Franlclin  Inst.  125,  345    (1888)  ;   127, 
54  (1889).    Farmer,  Brit.  J.  Phot.  47,  815  (1900) ; 
48,   63.  (1901). 

2  Newton  and  Bull,  Phot.  J.  44,  263  (1904). 
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FIG.  31.2.     Spectral  reflectance  of  a  particular 
green  leaf  and  a  flesh  tone  representing  gen 
eral   characteristics   of  spectral  reflectance   of 
natural  colors. 

trum  is  roughly  split  into  thirds.  The 
narrow  regions  recorded  through,  each  of 
two  filters  fall  in  the  blue-green  and  yellow 
parts  of  the  spectrum.  It  is  not  possible 
with  these  or  other  three-color  analysis 
filters  to  differentiate  between  two  pure 
spectral  colors  that  are  visually  different 
yet  fall  within  the  region  of  the  spectrum 
covered  by  only  one  filter,  such  as  two  pure 
spectral  blues  at  430  and  450  mju. 

With  the  filters  shown  in  Fig.  31.1,  a 
photograph  of  the  solar  spectrum  would 
reproduce  only  as  a  band  containing  five 
colors,  there  being  no  correct  differentia 
tion  between  hues  within  the  regions  of  the 
five  bands.  Fortunately,  subjects  encoun 
tered  in  normal  color  photography,  such  as 
flesh  tones,  green  leaves  (Fig.  31.2),  brown 
soil,  etc.,  reflect  some  light  throughout 
most  of  the  visible  spectrum  and  are  re 
corded  to  some  extent  on  each  negative; 
satisfactory  color  reproduction  is  readily 
obtained  of  such  subjects. 


Although  excellent  color  photographs 
can  be  produced  of  normal  subjects  when 
using  filters  like  those  of  Fig.  31.1,  ex 
perimental  work  (1935)  by  Spencer3  and 
others  indicated  that  filter-emulsion  com 
binations  with  a  closer  approach  to  tricolor 
mixture  curves  would  yield  better  results 
with  available  methods  of  color  synthesis. 
The  tricolor  filters  generally  used  today, 
along  with  the  spectral  sensitivity  of  the 
photographic  emulsions,  represent  a  com 
promise  approach  to  using  the  positive 
portions  of  the  color  mixture  curves  ob 
tained  from  the  analysis  of  the  trichro 
matic  characteristics  of  color  vision.  Both 
experimental  and  theoretical  work  indicate 
that  significant  improvements  in  color  re 
production  cannot  be  secured  by  altering 
the  color  analysis  obtained  currently  with 
available  three-color-separation  filters  * 
(Fig.  31.3). 

Emulsion  Color  Sensitivity.  Each  of 
the  color-separation  negatives  must  be  a 
suitable  record  of  one  of  the  three  primary 
colors,  red,  green,  or  blue.  Any  combina 
tion  of  emulsion  sensitivity  and  light  ab 
sorbing  filter  that  will  yield  this  result 
may  be  used,  whether  the  developed  nega 
tive  images  are  on  three  separate  supports 
or  superimposed  on  a  single  film.  The 
simplest  procedure,  where  three  physically 
separate  negatives  are  desired,  is  to  use 
a  single  panchromatic  emulsion  for  each 
of  the  three  separation  negatives,  each  be 
ing  exposed  with  the  appropriate  red, 
green,  or  blue  filter. 

The  green  record  can  be  obtained  equally 
well  by  using  an  orthochromatic  emulsion 


s  Spencer,  Phot.  J.  75,  377  (1935),  Murray  and 
Spencer,  Phot.  J.  78,  474  (1938). 

*  Although  color-separation  filters  may  not  be 
efficient  (transmit  100%  of  the  light  of  their 
own  color),  they  do  give  excellent  color  separa 
tion.  Low  efficiency  is  of  no  significance  as  long 
as  the  effective  exposure  times  are  adjusted  to 
compensate  for  the  light  absorptions. 
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FIG.  31.3.     Transmission    curves    of    a    set    of 
standard  tricolor  filters. 

with  a  green  or  yellow  filter.  The  blue 
record  negative  can  also  be  obtained  with 
an  orthochromatic  emulsion  and  a  green 
absorbing  filter  (such  as  a  magenta  or 
violet  filter),  or  a  noncolor  sensitized  emul 
sion  can  be  used  with  or  without  a  blue 
transmitting  filter. 

With  multilayer  color  materials,  dis 
cussed  in  Chapter  33,  it  is  often  possible 
to  arrange  and  sensitize  the  emulsions  so 
that  a  minimum  of  light  filtration  will  be 
required.  Each  emulsion  is  sensitized 
only,  or  chiefly,  to  the  color  of  light  which 
it  is  to  record. 

Emulsion  Sensitometric  Characteristics. 
To  maintain  satisfactory  photographic 
gradation  and  color  reproduction,  the 
emulsion  or  emulsions  used  in  making 
color-separation  negatives  must  have  simi 
lar  reproduction  characteristics  for  each  of 
the  three  spectral  regions  recorded.  A 
long,  straight-line  portion  of  the  character 
istic  curves  is  desirable.  When  three  in 
dividual  color-separation  negatives  are  ex 


posed  successively,  generally  on  a  single 
panchromatic  emulsion  behind  red,  green, 
and  blue  filters,  adjustment  for  small  dif 
ferences  of  gamma  with  wave  length  of  the 
exposing  light  can  be  made  by  giving  dif 
ferent  development  to  the  three  color  rec 
ords.  (See  pages  274-5.)  With  multilayer 
materials,  each  of  the  three  emulsions  must 
be  capable  of  giving  the  required  gamma 
with  a  single  development  time. 

Although  it  is  often  considered  essential 
that  the  analysis  separation  record  nega 
tives  have  identical  gammas,  this  is  not 
necessary  unless  all  three  synthesis  records 
operate  at  a  single  contrast.  In  a  sub- 
tractive  process,  for  example,  a  low-con 
trast  blue  (compared  to  the  red  and  the 
green)  record  negative  may  be  used  with 
a  relatively  high-contrast  yellow  positive 
image.  It  is  desirable  only  that  the  three 
positive  synthesis  images  have  the  proper 
contrast  for  optimum  color  and  tone  re 
production  with  the  particular  colorants 
used. 

Eeciprocity  effects  in  emulsions  used  for 
obtaining  color-separation  negatives  are  of 
little  importance  when  three  successive  ex 
posures  are  made  on  three  pieces  of  film. 
In  multilayer  films  (see  Chapter  33),  the 
reciprocity  effect,  and  especially  the  dif 
ference  in  the  reciprocity  effect  in  the 
three  emulsions,  is  of  importance  and  must 
be  considered  in  many  picture  situations. 

Physical  Arrangements  for  Color  Analy 
sis.  The  preparation  of  a  set  of  color- 
separation  negatives  is  an  essential  step 
in  the  production  of  a  photographic  color 
reproduction.  The  operation  of  making 
the  color  analysis  may  be  a  separate  pro 
cedure  to  be  followed  by  a  color  synthesis, 
or  the  color  analysis  may  be  an  integral 
part  of  a  complete  process  wherein  the 
separation  negatives  are  never  seen  as 
such.  In  the  following  tabulation,  Sepa 
ration  Systems  (I)  are  those  in  which 
the  color-separation  negatives  are  available 
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as  three  physically  separate  images  after 
exposure  and  processing.  In  Inseparable 
Systems  (II)  the  three  color-separation 
negative  images  are  obtained  after  expo 
sure  and  processing  but  remain  together  to 
form  later  the  color  synthesis  by  optical 
and/or  chemical  means. 

METHODS    OF    COLOR    ANALYSIS 

I.  Separable    Systems 

A.  Successive    Exposures 

Direct  exposure   of  three  emulsions,   one 
after  the  other 
Repeating   backs 

B.  Simultaneous  Exposure 
Tripacks 

Stripping  films 
Beam  splitters 
II.  Inseparable    Systems — Simultaneous    Exposure 

A.  Lateral   Separation — one    emulsion 
Color  screen  materials 
Lenticular    films 

B.  Vertical    Separation — several    emulsions 
Multilayer  films  or  monopacks 

Successive  Exposures.  For  still  objects 
an  ordinary  camera  may  be  used,  the 
three  negatives  being  made  by  successive 
exposures,  the  filters  and  the  sensitive  ma 
terial  being  changed  between  each  expo 
sure.  The  exposure  must  be  adjusted  in 
accordance  with  the  multiplying  factors 
of  the  filters  for  the  light  source  being 
used.  Care  must  be  taken  that  the  light 
ing  does  not  change  during  the  time  the 
three  exposures  are  made  and  that  a  rigid 
camera  and  tripod  are  used  to  prevent  any 
danger  of  shifting  position  when  changing 
holders  and  filters.  Neither  portraits  nor 
landscapes  in  which  movement  is  likely 
can  be  photographed  in  this  way. 

A  slight  improvement  over  the  ordinary 
camera  with  separate  emulsions  and  hold 
ers  is  provided  by  a  repeating  back.  This 
supplies  a  mechanical  means  of  changing 
filters  and  sensitized  material  fairly  rapidly 
between  exposures.  The  holder  of  the  re 
peating  back  accommodates  a  plate  long 
enough  for  the  three  exposures,  or  three 


separate  small  plates,  and  the  filters  are 
placed  in  front  of  each  plate  so  that  filter 
and  plate  are  changed  together  for  $ach 
exposure.  "With  repeating  backs,  all  three 
exposures  may  be  made  within  seconds. 

Separable  Simultaneous  Exposures. 
Physically  separable  tricolor  negatives  may 
be  obtained  by  the  use  of  tripacks,  beam 
splitters,  or  multilayer  stripping  films.  In 
all  cases  the  exposure  for  each  negative  is 
made  at  the  same  time,  and  subject  move 
ment  offers  no  obstacle.  Sufficient  light 
must  be  available  to  expose  properly  each 
of  the  sensitized  emulsions. 

Separable  Tripacks.  Separable  tripacks 
consist  of  three  sensitized  emulsions  coated 
on  three  supports  and  exposed  together  in 
a  single  pressure  filmholder.  The  two 
emulsions  closest  to  the  lens  are  usually  in 
contact.  The  third  emulsion  is  separated 
from  the  bipack  by  the  film  support  for 
the  second  emulsion,  and  therefore  receives 
a  rather  diffuse  image.  The  emulsion 
order,  away  from  the  lens,  is  (1)  a  blue 
sensitive  emulsion  and  yellow  filter  layer, 
(2)  an  orthochromatic  emulsion,  and  (3) 
a  panchromatic  emulsion.  A  red  dye  on 
the  support  for  the  orthochromatic  emul 
sion  prevents  any  but  red  light  from 
reaching  the  panchromatic  emulsion.  After 
exposure  the  three  films  can  be  developed 
separately  to  obtain  the  color-separation 
negatives.4 

Stripping  Films.  Stripping  films  have 
been  proposed  and  manufactured  to  elimi 
nate  or  minimize  the  lack  of  sharpness  in 
separable  bipacks  or  tripacks  due  to  lack 
of  optical  contact  between  the  emulsions. 
Two  or  three  of  the  emulsions  are  coated 
on  a  single  support  with  a  thin  stripping 
layer  between.  As  part  of  the  processing 
operation,  the  emulsions  are  stripped  apart 
and  secured  to  separate  supports.  The 
end  product  is  a  set  of  three  separate  color 


.  Phot.  Soc.  Amer.  14,  44   (1948). 
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record  negatives  of  acceptable  sharpness. 
Stripping  films  5  have  not  had  appreciable 
commercial  acceptance  because  of  the  ex 
cellence  and  convenience  of  integral  multi 
layer  negative  films. 

Beam  Splitters.  Diffuse  images  can  also 
be  avoided  by  using  beam  splitters  on 
"one-shot"  cameras.  Here  the  three  light- 
sensitive  emulsions  are  simultaneously  ex 
posed  in  three  different  positions  behind 
the  lens.  The  light  is  divided  optically  by 
mirrors  and  the  proper  proportion  of  the 
total  light  is  supplied  to  each  of  the  emul 
sion  positions.  The  light  ratio  is  controlled 
by  the  transmission-reflection  ratio  of  each 
of  the  mirrors  and  the  absorption  charac 
teristics  of  the  color  filters — generally 
placed  directly  in  front  of  each  of  the 
emulsions. 

There  are  several  optical  arrangements 
possible  with  "one-shot"  color  cameras 
and  the  one  shown  in  Fig.  31.4  is  typical. 
These  cameras  are  generally  of  metal  con 
struction  and  the  partially  reflecting  alu- 
minized  mirrors  are  thin  membranes  of 
collodion,  called  pellicles,  stretched  over 
flat  metal  frames.  Glass  mirrors  origi 
nally  used  in  "one-shot"  cameras  caused 
so  much  difficulty  with  double  reflections 
from  the  two  glass  surfaces  that  they  were 
replaced  by  pellicle  mirrors.  Design  of 
the  optical  system  in  single-exposure  color 
cameras  is  limited  by  the  requirement  that, 
from  a  uniformly  reflecting  subject  field, 
each  emulsion  should  receive  as  even  il 
lumination  across  its  surface  as  possible. 
Lack  of  observance  of  this  requirement 
leads  to  what  is  known  as  "color  wedging" 
— a  variation  in  density  of  the  image  of  a 
neutral  subject  across  the  negative,  but 
not  the  same  for  each  separation  negative. 
The  changing  ratio  of  reflected  and  trans 
mitted  light  with  variations  in  the  angle  of 


light  incident  on  the  mirrors  makes  this 
condition  difficult  to  "satisfy. 

The  exposure  speed  of  "one-shot"  color 
cameras  is  restricted  by  the  necessity  for 
splitting  the  available  light  to  form  three 
separate  images  and  the  absorption  of  the 
color-separation  filters.  Camera  mirrors 
are  therefore  designed  for  a  particular 


sCapstaff,    /.    Soc.    Mot.    Pict.    Eng.    54,    445 
(1950). 
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FIG.  31.4.     Optics    of   a   double-mirror,    three- 
color  camera. 

emulsion  spectral  sensitivity  and  for  a 
specific  color  quality  of  exposing  light. 
Whenever  the  color  sensitivity  character 
istics  of  the  emulsions  differ,  or  the  light 
quality  changes  significantly,  some  correc 
tion  is  necessary  to  obtain  the  correct 
quantity  of  light  for  each  exposure  posi 
tion.  This  can  be  accomplished  by  chang 
ing  the  positions  at  which  the  color  separa 
tions  are  exposed  (i.e.,  reversing  the  red 
and  blue  filter)  or  using  color  compensat 
ing  filters  over  the  camera  lens. 

Simpler  "one-shot"  cameras  are  con 
structed  with  a  single  reflecting  surface. 
These  cameras  use  a  bipack  of  two  emul 
sions  in  contact  at  one  exposure  position 
and  the  third  emulsion  at  the  second  ex 
posure  position.  Depending  on  available 
emulsions,  expected  light  sources,  and  the 
printing  process  to  be  employed,  the  bi 
pack  can  record  any  chosen  combination 
of  two  of  the  required  three  color  separa- 
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tions.  One  combination  that  has  been  used 
is  the  exposing  of  the  blue  and  red  records 
as  a  bipack  and  the  green  record  as  a 
single  film.  The  performance  of  the  single 
mirror  camera  depends  on  the  quality  of 
the  negatives  produced  by  the  bipack,  i.e., 
on  (1)  the  color  separation  obtained,  and 
(2)  the  sharpness  of  the  image  obtained 
on  the  rear  negative  of  the  bipack.  A 
single  mirror  camera  yields  results  quite 
adequate  for  all  but  commercial  subjects 
containing  important  fine  detail.  The 
single-mirror  camera  has  been  widely  used 
in  making  professional  color  motion  pic 
tures. 

Inseparable  Systems.  Color-separation 
negatives  are  secured  with  a  single  expo 
sure  when  inseparable  materials  are  em 
ployed.  Here  the  individual  color  records 
obtained  are  not  readily  available,  as  they 
are  formed  as  silver  negative  images  on 
a  single  piece  of  film.  The  individual  sepa 
ration  records  can  be  examined  only  by 
optical  or  chemical  means.  These  three 
records  of  the  subject  may  be  arranged 
side  by  side  in  a  lateral  separation  (as  in 
color  screen  or  lenticular  films)  or  they 
may  be  arranged  one  above  the  other  in  a 
vertical  separation  of  emulsions  in  a  multi 
layer  film  (integral  tripack  or  monopack.) 

Color  Screen  or  Mosaic  Processes.  If  a 
plate  is  covered  with  a  myriad  of  small 
(about  1/1000  in.  diameter)  red,  green, 
and  blue  filters,  and  the  plate  is  viewed 
from  a  distance,  the  filters  will  merge  to 
gether  and  will  not  be  seen  individually. 
If  the  ratio  of  the  total  areas  covered  by 

COOTE,  Phot.  J.  81,  293  (1941). 

KLEIN,  Colour  Cinematography,  American  Pho 
tographic  Publishing  Co.,  Boston,  1940. 

WALL,  History  of  Three-Color  Photography, 
American  Photographic  Publishing  Co., 
Boston,  1925. 

FRIEDMAN,  History  of  Color  Photography, 
American  Photographic  Publishing  Co., 
Boston,  1944. 


the  three  differently  colored  filters  is  prop 
erly  chosen,  the  appearance  may  be  nearly 
neutral.  When  such  a  color  screen  or 
mosaic  is  placed  in  contact  with  a  pan 
chromatic  emulsion  and  the  exposing  light 
first  passes  through  the  mosaic  of  filters, 
a  set  of  color-separation  negatives  can  be 
developed  in  the  single  panchromatic  emul 
sion.  The  total  of  the  developed  silver 
areas  behind  all  the  red  filters  makes  up 
the  red-record  negative.  In  a  similar  man 
ner,  the  green  and  blue  color  records  exist 
behind  the  multitude  of  small  green  and 
blue  filters.  The  three  separation  nega 
tives  thus  exist  side  by  side  in  the  emul 
sion.  If  the  developed  negative  is  kept 
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PIG.  31.5.    Principle  of  the  screen  plate. 

with  its  color  filter  screen,  or  placed  in 
contact  with  an  identical  screen,  the  visual 
appearance  of  the  plate  is  that  of  a  color 
negative.  Here  the  brightness  of  the  sub 
ject  photographed  is  reversed — as  is  true 
with  all  negative  images — and  the  colors 
apparent  to  the  eye  are  approximately 
complementary  to  those  of  the  original 
subject  (Fig.  31.5). 

Such  a  color  negative  may  be  printed 
onto  a  similar  screen  material  to  obtain 
a  positive  color  transparency,  or  it  may 
be  reproduced  by  rephotographing  the 
color  screen  and  negative  with  narrow 
band  red,  green,  and  blue  filters  to  sepa- 
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rate  out  the  three  color  records  of  the 
subject  already  formed.  However,  color 
screen  materials  have  been  more  often  de 
veloped  by  reversal  to  obtain  a  positive 
silver  image.  If  such  a  silver  positive 
image  is  viewed  through  the  original  tak 
ing  mosaic  screen  of  filters,  or  one  like  it, 
the  colors  of  the  original  subject  are  seen 
when  the  plate  is  viewed  by  transmitted 
light  (Fig.  31.5).  The  synthesis  of  the 
colors  of  the  original  subject  is  obtained 
by  the  additive  mixture  of  the  light  com 
ing  through  the  many  small  red,  green, 
and  blue  filters  (See  Chapter  30). 

Lenticular  Processes.  A  set  of  three 
color-separation  negatives  may  also  be  pro 
duced  side  by  side  in  a  single  panchromatic 
emulsion  by  means  of  a  special  emulsion 
support  on  the  surface  of  which  are  formed 
a  number  of  lenticules  that  act  as  lenses 
forming  images  of  the  taking  lens  aper 
ture.  Over  the  camera  lens  is  placed  a 
banded  color  filter  (see  Pig.  32.4)  and  each 
lenticule  forms  an  image  of  the  filter 
bands.  In  this  manner  all  the  light  pass 
ing  through  the  red  section  of  the  filter 
is  imaged  as  minute  lines  on  the  emulsion. 
All  of  them  together  make  up,  after  de 
velopment  to  a  silver  negative,  the  red- 
separation  negative.  In  a  similar  manner, 
the  green-  and  blue-separation  negatives 
are  formed  alongside  the  red  record.  As 
with  the  screen  processes  the  negative  im 
age  formed  by  the  lenticular  film  is  usually 
reversed  to  a  silver  positive  and  projected 
through  the  same  optical  system  to  obtain 
a  positive  color  reproduction.  (See  Chap 
ter  32.)  5a 

Multilayer  Processes.  Today  the  most 
widely  accepted  method  of  making  the 
required  set  of  three  color-separation  nega 
tives  is  to  use  a  multilayer  film.  On  a 
single  support  three  emulsions  are  coated, 


one  above  the  other.  The  emulsions  are 
usually  separated  by  interlayers  of  clear 
gelatin  or  layers  that  act  as  filters.  Since 
photographic  emulsions  are  basically  blue 
sensitive,  the  blue  recording  emulsion  is 
nearest  to  the  lens  in  camera  films,  Under 
it  is  a  blue  absorbing  (yellow)  layer  to 
prevent  blue  light  from  being  recorded  by 
the  successive  green-  and  red-sensitive 
emulsions.  Usually  the  red-recording 
emulsion  is  farthest  from  the  lens.  In 
such  a  multilayer  film  the  color  analysis 
occurs  with  a  single  exposure  and,  when 
the  film  is  developed  to  a  negative,  the 
three  silver-separation  records  exist  one 
above  the  other.  Some  materials  are  de 
signed  to  form  negative  dye  images  along 
with  the  silver  to  obtain  a  color  negative. 
Others  are  processed  by  reversal  and  color 
development,  thus  converting  the  silver- 
separation  negative  images  to  cyan,  ma 
genta,  and  yellow  positives.  (See  Chapter 
33), 

Auxiliary  Equipment.  Lenses  for  mak 
ing  the  color  analysis  must  be  reasonably 
free  of  color  aberrations  to  obtain  ade 
quate  image  sharpness  or  avoid  image  size 
differences.  Optical  surfaces  should  be 
clean  and  protected  from  any  stray  light 
that  is  not  from  the  subject  being  repro 
duced.  Low-contrast  images  without 
proper  color  saturation  result  if  all  sources 
of  flare  are  not  minimized.  Anti-reflection 
coatings  are  desirable  to  obtain  maximum 
image  contrast.  Lens  coatings  on  complex 
lenses  sometimes  shift  the  color  of  the 
light  transmitted  to  the  film  enough  to  be 
visible  in  photographs.  This  color  shift 
is  ordinarily  not  important  except  when 
comparison  pictures  are  exposed  using  dif 
ferent  lenses.6 

Color  compensating  or  correction  filters 
must  be  of  good  optical  quality.  Even 


saKingslake,  J.  Soc.  Mot.  Pict.  and  Tel.  Eng., 
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more  important  are  the  optical  characteris 
tics  of  any  set  of  filters  used  in  making 
color-separation  records.  Unless  the  filters 
are  identical  optically  (except  for  their 
spectral  absorptions),  they  also  can  cause 
differences  in  image  sharpness  or  size. 
Gelatin  film  filters  are  ordinarily  used  with 
lenses  of  long  focal  lengths  and  are  often 
available  as  selected  sets  of  three  or  four 
filters. 

A  reference  object  is  desirable  in  a 
scene  which  is  to  be  reproduced  photo 
graphically.  Reference  objects  most  often 
consist  of  a  neutral  gray  card  or  a  scale 
of  grays  between  white  and  black,  and  a 
set  of  color  patches  or  swatches,  to  aid  in 
color  record  identification  and  in  studying 
the  quality  of  the  color  reproduction. 
When  making  color-separation  negatives, 
the  scale  of  grays  makes  possible  proper 
control  of  density  and  contrast  of  the  three 
silver  images.  Bach  step  should  be  large 
enough  when  recorded  on  the  negatives  to 
be  read  with  a  densitometer.  The  range 
of  reflectances  included  in  the  steps  of 
the  gray  scale  should  include  all  reflect 
ances  of  the  subject  in  which  accurate 
color  reproduction  is  desired.  The  gray 
scale  is  placed  in  the  picture  area  so  that 
it  will  receive  the  same  illumination  as  the 
key  part  of  the  subject.  Care  should  be 
taken  to  see  that  no  colored  areas  are  re 
flecting  light  onto  the  reference  object, 
thereby  making  it  appear  colored  to  the 
photographic  materials.  A  gray  scale 
should  be  placed  so  that  its  image  on  the 
separation  negatives  is  slightly  away  from 
the  edge  to  avoid  any  emulsion  or  process 
ing  variations  along  the  margins  of  the 
negatives.  Wherever  small  reference  ob 
jects  are  required,  they  may  be  obtained 
commercially  along  with  registration  lines 
and  color  patches  to  identify  the  separa 
tion  negatives.  When  larger  scales  are 
required,  such  as  in  photographing  land 
scapes,  a  suitable  scale  of  grays  may  be 


prepared  by  exposing  sheets  of  matte  pho 
tographic  paper  and  processing  so  as  to 
obtain  a  neutral  image.  The  number  of 
steps  prepared  may  vary  from  two,  a  white 
and  a  black,  up  to  about  ten.  The  more 
steps  provided,  the  more  complete,  useful, 
and  accurate  the  information  available. 

If  possible,  the  densities  of  the  various 
steps  in  the  gray  scale  should  be  measured 
in  a  reflection  densitometer.  These  values 
may  then  be  plotted  against  the  densities 
measured  on  the  separation  negatives  for 
the  same  steps.  In  such  a  manner,  the 
characteristic  curves  for  a  set  of  separation 
negatives  may  readily  be  plotted  (see  Pig. 
31.6).  Such  data  are  not  necessarily  in 
dicative  of  negative  gamma  because  of  the 
effects  of  lens  flare,  but  are  of  value  in 
checking  the  various  stages  in  the  process 
of  color  reproduction. 

Light  Sources.  In  color  photography, 
the  quality  (distribution  of  energy  through 
the  visible  spectrum)  of  the  light  available 
for  making  the  color  analysis  is  at  least 
as  important  as  having  the  proper  quan 
tity  of  light.  Adjustments  of  exposure 
time  or  intensity  can  usually  be  made  to 
adapt  for  the  quantity  of  light  available. 
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FIG.  31.6.     Plot   of   separation   records   in 
graph. 
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When  the  light  quality  is  incorrect,  there 
is  often  no  correction  that  will  make  it  pos 
sible  to  obtain  a  satisfactory  color  repro 
duction. 

As  discussed  in  Chapter  2,  light  sources 
are  of  two  main  types.  In  one  type  the 
source  of  light  is  some  object  that  emits 
light  because  it  is  hot  (sun,  tungsten  lamp 
filament,  flash  bulbs).  Other  sources  of 
light  emit  visible  energy  because  of  the 
passage  of  an  electric  current  through  a 
partially  evacuated  tube.  These  sources 
are  represented  by  sodium,  mercury,  neon, 
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(a)   Tungsten    lamp    at    color   temperature    of 
3500°K. 
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(b)   Fluorescent  lamp  rated  at  3500°K. 


(c)   Narrow  band  additive  mixture  of  visually 
similar  color  to  Figs.  31.7a  and  31.7b.  - 

: 

FIG.  31.7.     Energy     emission     by     fluorescent 
lamp   and  tungsten  lamp   compared  to   mono 
chromatic  mixture  of  wave  lengths  480  m/x  and 
580  mx.  -      - 


or   other  gas-filled  tubes,   electronic  flash 
tubes,  and  fluorescent  lamps. 

"Where  the  cause  of  the  visible  light  is 
the  high  temperature  of  the  source,  energy 
is  generally  radiated  throughout  the  visible 
spectrum.  There  is  a  gradual  change  in 
quantity  of  radiation  through  the  spec 
trum,  with  the  low-temperature  sources 
emitting  more  red  than  blue  light.  As 
the  temperature  of  the  source  is  increased, 
the  relative  quantity  of  blue  increases  and, 
if  the  temperature  is  high  enough,  there 
will  be  more  blue  than  red  light  emitted. 
The  important  characteristic  is  that  the 
energy  emitted  changes  gradually  from 
one  end  of  the  visible  spectrum  to  the 
other  and  there  are  no  gaps  without  energy 
or  regions  where  there  is  a  great  excess  of 
energy  compared  to  adjoining  wave 
lengths.  With  this  type  of  light  source 
the  designation  of  color  temperature  (a 
visual  specification)  is  completely  adequate 
to  describe  the  color  quality  and  to  com 
pare  similar  sources  and  obtain  an  indica- 
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FIG.  31.8.     Curve  of  Wratten  81A  filter.    Yel 
lowish  for  lowering   color  temperature. 

tion  of  how  satisfactory  the  source  will  be 
for  making  the  photographic  color  analysis. 

With  electrical  discharge  tubes,  the 
emitted  light  is  concentrated  at  certain 
wave  lengths,  determined  mainly  by  the 
gas  or  gases  in  the  tube.  The  remainder 
of  the  spectrum  is  without  emission.  If 
energy  is  emitted  at  a  large  number  of 
wave  lengths  so  that  there  are  very  few 
regions  without  emission,  as  with  the  elec 
tronic  flash  lamp,  the  light  quality  ap 
proaches  the  characteristics  of  a  continuous 
radiator.  The  light  from  a  fluorescent 
lamp  consists  of  the  discontinuous  emis 
sion  due  to  the  mercury  vapor  in  the  tube 
and  the  continuous  emission  due  to  the 
fluorescence  of  the  phosphor  coating  on  the 
inside  wall  of  the  tube. 

Specification  of  Light  Quality.  Color 
temperature  is  the  most  common  way  of 
describing  light  quality.  Since  color  tem 
perature  is  a  description  of  the  visual  ap 


pearance  of  a  light  source,  its  use  to  define 
the  adequacy  of  a  light  source  for  three- 
color  photographic  analysis  can  be  useless 
or  misleading  unless  other  information  is 
available  about  the  spectral  energy  dis 
tribution  from  the  source.  In  making  the 
color  analysis,  the  photographic  emulsions 
record  the  relative  quantities  of  red,  green, 
and  blue  in  the  subject.  The  relative 
quantities  recorded  are  often  as  dependent 
on  the  light  quality  illuminating  the  sub 
ject  as  on  the  spectral  reflectivity  of  the 
different  parts  of  the  subject.  In  Fig. 
31.7,  the  three  light  sources  are  visually 
equal  (same  color  temperature)  but  supply 
radically  different  amounts  of  red,  green, 
and  blue  light  for  a  photographic  color 
analysis.  The  human  eye  is  not  analytical 
as  far  as  the  energy  distribution  through 
the  spectrum  is  concerned,  and  in  color 
photography  it  is  the  energy  distribution 
that  is  important  in  determining  the  color 
reproduction.  Color  temperature  specifi 
cation  is  useful  when  considering  the  effect 
of  different  sources  of  light,  each  of  which 
obtains  its  light  as  a  result  of  a  heated 
object — tungsten  lamps,  direct  sunlight — 
but  this  specification  is  not  sufficient  when 
dealing  with  the  type  of  light  source  where 
the  light  is  the  result  of  an  electrical  dis 
charge  (gas-filled  discharge  tubes,  fluores 
cent  lamps). 

Color  temperature  meters  or  indicators 
which  measure  only  the  ratio  of  red  to 
blue  light  (so-called  two-point  meters) 
cannot  be  relied  upon  to  show  how  any 
but  continuous  radiators  (such  as  tungsten 
lamps  or  sunlight)  will  act  as  light  sources 
for  color  photography.  Meters  measuring 
the  relation  between  three  colors  (red, 
green,  and  blue)  are  more  indicative  of 
how  a  three-color  process  will  respond  to 
various  sources  of  light.7 


7  Lowry  and  Weaver,  J.  Soc.  Mot.  Pict.  Eng. 
32,  298   (1939).     Miller,  J.  Soc.  Mot.  Pict.  Eng. 
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Adjustments  for  Color  Quality.  When 
light  sources  used  during  a  color  analysis 
emit  sufficient  energy  in  the  required  re 
gions  of  the  spectrum,  but  not  in  the  cor 
rect  relation  for  the  photographic  material, 
some  adjustment  can  be  made  to  obtain 
correct  balance  between  the  color  records. 
With  individual  color-separation  negatives 
the  exposure  ratio  may  be  altered.  With 
inseparable  materials  color  absorbing  fil 
ters  are  used.  These  color  absorbing  fil 
ters  may  be  of  two  main  types,  depending 
on  the  color  quality  adjustment  required 
and  the  characteristics  of  the  photographic 
materials.  In  the  first  group  are  the  light 
balancing  filters  designed  to  allow  rela 
tively  small  adjustments  of  color  quality. 
A  typical  adjustment  would  be  that  re 
quired  when  using  photofiood  lamps 
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FIG.  31.9.     Curves  of  Orange  (85B)  and  Blue 
(80C)  light  balancing  filters. 
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54,  435   (1950).     Grande!!,  Freund,  and  Moen,  J. 
Soc.  Mot.  Pict.  Eng.  55,  67  (1950). 


Fia.  31.10.     Curves    of    green -absorbing    color 
compensating  filters  CC  10M  and  CC  40M. 

(3400°K.)  as  a  light  source  with  a  color 
film  balanced  for  3200°K.  illumination. 
(Fig.  31.8).  Bluish  filters  for  raising  the 
color  temperature  of  the  light  source  and 
yellowish  filters  for  lowering  it  are  avail 
able  in  sets  such  as  the  Kodak  Wratten 
Nos.  81  and  82  series  of  filters.  Similar 
filters,  but  making  somewhat  greater  light 
quality  adjustments,  are  those  designed  for 
specific  color  films  when  used  with  light 
sources  quite  different  from  the  source 
for  which  the  films  were  designed.  Typical 
filters  are  the  Wratten  Nos.  800  and  85B 
(Fig.  31.9).  The  Wratten  No.  80C  is 
designed  for  use  with  Daylight  Type  color 
films  and  clear  flash  lamps.  The  Wratten 
No.  85B  is  intended  for  film  balanced 
for  artificial  light  (3200°K.)  when  these 
films  are  exposed  under  daylight  condi 
tions. 
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A  second  type  of  color  filter,  used  chiefly 
with  inseparable  materials,  is  designed  to 
decrease  selectively  the  exposure  received 
by  one  or  two  of  the  color-sensitive  emul 
sions.  These  are  the  color  compensating 
filters,  available  in  a  variety  of  densities. 
Cyan,  magenta,  or  yellow  niters  are  in 
tended  to  absorb  partially  light  of  a  single 
primary  color  while  red,  green,  or  blue 
filters  partially  absorb  the  light  intended 
for  two  of  the  color  records  (Fig.  31.10). 
One  or  more  such  filters  are  often  required 
when  using  fluorescent  lamps  or  other  light 
sources  for  which  the  color  materials  are 
not  balanced. 

Two  inseparable  type  color  films  de 
signed  to  be  used  with  the  same  light 
source  may  require  different  filter  correc 
tions  when  they  are  used  with  a  second 
light  source.  This  difference  can  be  caused 
by  different  spectral  sensitivity  character 
istics  of  the  emulsions  in  the  two  films  or 
different  responses  to  changes  in  expo 
sure  (reciprocity  effect). 

Second  Generation  Color  Analysis. 
When  reproducing  an  existing  color  photo 
graph  by  using  the  same  reproduction 
process  (duplicating)  or  some  other  color 
process  (copying),  the  techniques  used  in 
making  the  color  analysis  are  usually  dif 
ferent  from  those  discussed  in  connection 
with  an  original  color  analysis.  Color 
reproduction  errors  are  usually  more  ap 


parent  when  copying  or  duplicating,  if 
only  because  of  the  likelihood  of  the  dupli 
cate  or  copy  being  compared  side  by  side 
with  the  color  picture  from  which  it  was 
obtained.  Shifts  of  hue,  relative  bright 
ness,  or  color  saturation  which  might  be 
quite  acceptable  in  an  original  photograph 
become  objectionable  in  a  "second  genera 
tion"  reproduction. 

Since  the  color  analysis  of  the  original 
subject  has  already  been  made  and  exists 
as  three  colorant  images  in  the  picture  be 
ing  duplicated  or  copied,  mutually  exclu 
sive  separation  filters  (or  narrow  band 
emulsion  sensitizations)  are  generally  used 
when  duplicating  or  copying.  The  anal 
ysis  is  made  at  the  wave  lengths  where 
maximum  isolation  is  obtained  of  the  three 
colorants  that  form  the  photograph  being 
reproduced.  When  the  subject  being  du 
plicated  or  copied  is  a  positive  color  trans 
parency,  it  is  difficult  to  reproduce  the 
long  brightness  scale.  Masking  is  usually 
introduced  to  compress  this  scale.  In  sub- 
tractive  systems,  the  unwanted  color  ab 
sorptions  of  the  duplicating  or  copying 
colorants  make  some  form  of  color  correc 
tion  or  masking  essential  if  reasonable 
color  reproduction  is  to  be  obtained  (see 
Chapter  34). 


,  HANSON,  AND  BREWER,  Principles  of 
Color  Photography,  Chs.  15  and  16,  John 
Wiley  and  Sons,  Inc.,  New  York,  1953. 
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The  creation  of  the  same  visual  sensation 
of  color  as  would  have  been  obtained  when 
examining  the  original  subject  is  the  usual 
goal  of  color  photography.  The  desired 
color  stimulus  can  be  produced  by  taking 
the  three  available  color  analysis  records 
and  from  them  preparing  three  positive 
images  to  control  the  light  received  by  the 
observer.  This  color  synthesis,  as  dis 
cussed  in  Chapter  30,  can  be  done  addi- 
tively  when  three  colored  lights — a  red,  a 
green,  and  a  blue — are  controlled  by  pass 
ing  through  the  three  photographic  posi 
tive  images.  A  subtractive  synthesis  can 
be  carried  out  by  forming  and  combining 
cyan,  magenta,  and  yellow  colorant  posi 
tive  images. 

Color  Formation  in  Additive  Synthesis. 
The  colors  used  in  a  photographic  additive 
synthesis  are  more  often  determined  by 
the  physical  and  optical  requirements  of 
the  particular  color  process  than  by  color 
reproduction  theory.  Usually,  however, 
the  synthesis  colors  are  of  the  same  hues 
as  those  used  in  the  color  analysis  and,  if 
possible,  have  less  overlap  than  the  cor 
responding  analysis  colors.  A  recom 
mended  set  of  tricolor  analysis  filters  was 
illustrated  in  Pig.  31.3.  For  three-color 
additive  synthesis  by  the  use  of  three  pro 
jectors,  a  set  of  filters  such  as  those  in 
Fig.  32.1  is  used.  Where  sufficient  light 
is  available,  such  as  in  the  triple  projection 
system,  these  filters  can  be  used  to  obtain 
optimum  color  reproduction.  With  other 
additive  synthesis  systems,  such  as  screen 
or  lenticular  processes,  where  the  available 
light  is  limited,  more  open  transmission 
bands  are  usually  necessary.  Although 


there  are  some  color-saturation  losses  when 
such  "open"  filters  are  used,  the  alterna 
tive  is  the  even  less  desirable  lack  of  pic 
ture  brightness. 

Screen  and  lenticular  processes  are  sim 
ilar  since  they  both  contain  in  a  single 
layer  of  emulsion  the  three  color-record 
images.  The  three  silver  images  are  sepa 
rated  laterally  instead  of  vertically  as  in 
the  multilayer  processes  considered  in 
Chapter  33.  The  screen  plate  process  was 
originally  suggested  by  du  Hauron  in  1868 
and  first  used  commercially  by  Joly  in 
1894.  Screen  materials,  especially  Dufay- 
color  from  1930-1935,  were  widely  used 
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Curves  of  a  set  of  three-color  addi 
tive  synthesis  filters. 
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PIG.  32.2.     The  color  screen  of  the  Agfacolor 
plate. 

until  the  introduction  of  satisfactory  mul 
tilayer  transparency  films  in  1935.  The 
lenticular  process  was  first  mentioned  in 
1909.  This  process  enjoyed  a  meteoric 
rise  to  prominence  and  use  between  1920 
and  1930. 

Screen  Plate  Processes,  Screen  plate 
processes  were  comparatively  simple  to  use 
and  until  1935  were  virtually  the  only 
processes  for  still  color  photography  avail 
able  to  the  advanced  amateur  or  profes 
sional  photographer.  Screen  materials 
suffered  from  low  resolution  and  an  ob 
jectionable  pattern  if  appreciable  enlarge 
ment  was  attempted.  The  screen  absorbed 
a  great  deal  of  light  and  the  image  bright 
ness  was  low  unless  special  high-intensity 
sources  were  used  for  viewing  screen  trans 
parencies. 

Screen  plates  were  divided  into  two 
classes:  (1)  separable, and  (2)  inseparable. 
The  separable  screen  was  geometric  in 
character  and  coated  on  a  separate  plate 
from  the  photographic  emulsion.  The 
chief  advantage  of  the  separable  screen 
system  was  the  possibility  of  producing 
duplicate  transparencies  simply  and  at  low 


cost  from  the  original  screen  negative  ob 
tained  by  the  camera  exposure.  The  in 
separable  processes  had  screen  and  emul 
sion  coated  on  a  single  support.  This 
screen  could  be  either  a  regular  geometric 
screen  or  an  irregular  mosaic. 

The  requirements  for  the  filter  elements 
of  screen  materials  were  discussed  by 
Mees.1  Irregular  mosaic  screens  were 
made  from  a  mixture  of  small  colored  par 
ticles.  The  particles  were  of  colored  glass, 
powdered  enamels,  gelatin,  resins,  starch, 
flours  or  various  gums.  A  mixture  of  ap 
propriate  amounts  of  the  three  colored 
particles  could  be  obtained  mechanically 
by  sifting  or  by  the  use  of  ultrasonic  vibra 
tions.  Certain  types  of  particles  were 
emulsified  in  various  media,  or  atomized, 
and  allowed  to  settle  onto  a  properly  pre 
pared  plate.  Whatever  method  was  em 
ployed,  the  particles,  colored  red,  green, 
and  blue-violet,  were  mixed  so  that  the 
finished  screen  was  nearly  neutral.  If  the 
screen  particles  did  not  completely  cover 
the  plate,  an  opaque  material,  such  as  car- 


FIG.  32.3.     The  color  screen  of  the  Dufacolor 
Film. 

iMees   and   Pledge,  Phot.  J.   50,    197    (1910). 
Mees,  J.  Chem.  Ed.  5,  1578   (1928). 
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bon,  was  employed  to  fill  the  interstices 
(Fig.  32.2). 

The  geometric  screens,  whether  of  the 
separable  or  inseparable  type,  were  pro 
duced  either  photographically  or  mechani 
cally.  The  photographic  procedures  em 
ployed  most  of  the  methods  used  in  the 
production  of  color  prints,  such  as  the  di- 
chromate-light  or  silver  hardening  reac 
tions,  differential  staining  by  certain  types 
of  dye,  as  well  as  chemical  toning  or  dye 
coupling.  In  the  mechanical  methods,  the 
film  base  or  an  overcoating  was  dyed  and 
then  ruled  with  a  greasy  protective  resist. 
The  unprotected  film  was  bleached,  re-dyed 
another  color,  and  the  resist  lines  removed. 
This  procedure  was  repeated  for  the  third 
color  (Fig.  32.3). 

Over  the  completed  screen  of  the  in 
separable  type,  a  protective  layer  was 
placed  before  the  panchromatic  emulsion 


Screen  Process 

Type 

Screen 

Lumiere 
Agfacolor 
Finlay 
Dufaycolor 

Inseparable 
Inseparable 
Separable 
Inseparable 

Irregular  mosaic 
Irregular  mosaic 
Regular  geometric 
Regular  geometric 

was  coated.  This  layer  was  thin  to  avoid 
parallax,  waterproof  to  prevent  the  proc 
essing  solutions  from  affecting  the  screen, 
and  adhesive  enough  to  hold  the  emulsion 
firmly  and  also  adhere  to  the  screen  layer 
below.2 

Processing  Screen  Materials.  Insepa 
rable  screen  materials  were  usually  proc 
essed  by  reversal  to  obtain  a  color  trans 
parency.  The  highly  active  first  developer 
contained  a  silver  halide  solvent 3  to  ob 
tain  maximum  emulsion  speed  and  clear 
transparency  highlights. 

The  photographic  plate  exposed  behind 
a  separable  color  screen  was  processed  to 
a  silver  negative  which  could  then  be 
contact  printed  to  obtain  a  silver  positive. 


Such  positives,  combined  with  color  screens 
similar  to  the  taking  screen,  allowed  one 
or  more  color  transparencies  to  be  ob 
tained. 

Copying  of  inseparable  screen  positives 
to  obtain  additional  color  transparencies 
results  in  significant  errors.4  Similar  diffi 
culties  are  encountered  when  inseparable 
screen  emulsions  are  processed  to  obtain 
a  color  negative  and  then  printed  onto 
another  screen  material  to  obtain  a  color 
transparency.5  Screen  materials,  either  as 
color  negatives  or  positive  transparencies, 
may  be  used  to  prepare  color  separations 
for  reproduction  by  other  processes.  Very 
narrow  band  analysis  filters  are  required 
in  separating  the  color  records  existing  in 
the  screen  material.  With  regular  geo 
metric  screen  plates,  black-and-white  block- 
out  screens  make  possible  the  isolation  of 
the  color  screen  elements. 

Elements  Processed  Normally  by 

Dyed  starch  grains  Reversal 

Dyed  gum  arable  particles  Reversal 

Ruled  dyed  collodion  Negative-Positive 

Ruled  dyed  collodion  Reversal 

Lenticular  Process.  The  lenticular  proc 
ess  is  essentially  a  screen  method  in  which 
a  single  three-band  color  filter  over  the 
camera  lens  replaces  the  multitude  of  filter 
elements  of  the  mosaic  or  geometric  color 
screen.  Berthon6  proposed  (1909)  the 
use  of  a  banded  three-color  filter  over  the 
camera  lens  and  the  use  of  tiny  " lenses" 


2  Brit.  J.  Phot.  85,  805   (1938). 

3  Turner,  Brit.  J.  Phot.  84,  435  (1937). 


4  Spencer,  Phot.  J.  73,  19  (1933)  ;  Harrison  and 
Horner,  ibid.,  79,  320  (1939). 

s  Harrison  and  Spencer,  Phot.  J.  77,  250  (1937). 
Murray  and  Spencer,  ibid.,  330,  458. 

e  Berthon,  Brit  J.  Phot.  57,  421  (1910). 

FRIEDMAN,  Hist,  of  Color  Photography,  Amer 
ican  Photographic  Publishing  Co.,  Boston, 
1944. 

SPENCER,  Colour  Photography  in  Practice,  3rd 
Ed.,  Pitman  Publishing  Corp.,  New  York, 
1952. 
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REP     — 


GREEN  -» 


BLUE  - 


FILTER 


FILM       EMULSION 
BASE  I 


No. 3 


No.  2 


No.4 


(B) 


3T.IG.  32.4.  Optical  system  of  a  lenticular  process.  A  represents  enlarged  sec 
tions  of  the  film  and  the  formation  of  the  optical  image  on  the  emulsion. 
5  shows  the  image  formation  in  four  stages:  (1)  exposure,  (2)  development, 
(3)  bleaching  and  re-exposure,  and  (4)  reversal  development  for  final 

projection. 
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on  the  support  side  of  the  film.  The 
' '  lenses, ' '  actually  cylindrical  embossed 
ridges  on  the  film  support,  focus  minute 
images  of  the  filter  sections  on  the  pan 
chromatic  emulsion.  The  film  itself  is 
colorless,  both  before  and  after  processing. 
Only  silver  images  of  the  filter  bands 
appear  in  the  processed  film. 

The  lenticular  method  was  used  by  the 
Eastman  Kodak  Company  in  introducing, 
in  1928,  Kodacolor  Film  7  for  cameras  and 
16-mm.  motion-picture  films.  (This  film 
was  discontinued  in  1935.  The  name 
Kodacolor  Film  now  refers  to  a  multilayer 
dye-coupling  type  color  negative  film.  See 
page  463.)  Kodacolor  Film  contained 
about  600  lenticules  or  cylindrical  lenses 
per  inch  (Fig.  32.4).  If  a  white  card 
were  photographed  with  such  a  film,  a 
series  of  three  colored  images  was  pro 
jected  onto  the  emulsion  behind  each  lenti- 
cule.  If  the  card  were  red,  only  a  single 
image  of  the  red  filter  band  would  record 
on  the  film  since  no  light  would  be  trans 
mitted  by  the  green  or  blue  sections  of 
the  filter.  The  film  was  processed  by  re 
versal  to  obtain  silver  positive  images. 
When  projected  through  a  similar  optical 
system  of  projector  lens  and  banded  color 
filter,  the  subject  colors  were  reproduced 
additively  on  the  screen. 

Colorants  in  Subtractive  Synthesis.  All 
three-color  subtractive  processes  use  cyan, 
magenta,  and  yellow  colorants  in  synthe 
sizing  the  reproduction  from  the  subject 
analysis  records  made  by  red,  green,  and 
blue  light.  The  three  superimposed  color 
ants  are  designed  to  control  the  relative 
quantities  of  red,  green,  and  blue  light. 
A  cyan  colorant  should  therefore  absorb 
red  light  in  essentially  the  same  manner 
that  the  positive  silver  image  absorbs  red 
light  in  the  red  filter  projector  of  a  three 
projector  additive  synthesis  system.  Such 
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7Mees,  /.  Franklin  Inst*  207,  1,  (1929). 


FIG.  32.5.     Cyan  colorant   (solid  line)   absorb 
ing  red  and  passing  blue  and  green.     Dotted 
curve  represents  a  typical  cyan  dye. 

a  cyan  colorant  absorbs  red  light,  and 
passes  green  and  blue  light  without  ab 
sorption.  This  cyan  colorant  would  have 
the  spectral  absorption  shown  in  Fig.  32.5. 
In  a  similar  manner  the  magenta  and 
yellow  colorants  absorb  green  and  blue 
light,  respectively,  and  pass  the  other  two 
thirds  of  the  visible  spectrum.  With 
colorants  having  these  spectral  character 
istics,  the  subtractive  synthesis  appears  es 
sentially  the  same  as  an  additive  synthesis. 
Available  colorants  do  not  have  spectral 
absorptions  that  closely  correspond  to  these 
requirements.  Cyan,  magenta,  and  yellow 
colorants  used  in  subtractive  synthesis  sys 
tems  have  spectral  absorptions  similar  to 
those  shown  in  Pig.  32.6.  Such  colorants 
are  reasonably  effective  in  absorbing  the 
spectral  regions  they  are  supposed  to  ab 
sorb,  but  also  absorb  some  regions  of  the 
spectrum  they  should  transmit  or  reflect. 


436 


METHODS  OF  COLOR  SYNTHESIS 


400 


500  600 

WAVE  LENGTH  IN  MILLIMICRONS 


700 


FIG.  32.6.     Curves  of  typical  yellow,  magenta, 
and  cyan  dye  colorants. 

Yellow  colorants  are  quite  satisfactory  be 
cause  they  absorb  blue  effectively  and  pass 
almost  all  the  red  and  green  regions  of 
the  spectrum.  Magenta  colorants,  how 
ever,  absorb  considerable  blue  light,  and 
cyans  generally  absorb  a  significant  por 
tion  of  the  blue  and  green  light  that  they 
should  not  affect. 

Colorants  used  in  practical  color  proc 
esses  have  so  many  other  requirements  to 
fulfill  that  the  unwanted  absorptions  dis 
cussed  are  usually  partly  adjusted  for  by 
extra  photographic  steps  (see  Chapter  34) 
rather  than  by  trying  to  obtain  colorants 
that  correspond  to  the  desired  charac 
teristics.  Colorants  are  selected  of  the 
best  available  hues  which  have  as  little 
uniform  absorption  through  the  spectrum 
as  possible,  so  that  adequate  luminosity 
will  be  available  in  the  reproduction. 
Colorants  are  also  selected  so  that  the  max 


imum  gamut  of  possible  colors  will  be 
obtainable  from  their  mixtures. 

Besides  their  chromatic  characteristics, 
colorants  of  practical  subtractive  processes 
must  have  reasonably  satisfactory  stability 
prospects  under  the  conditions  typical  of 
those  to  which  the  reproduction  will  be 
subjected.  Colorants  with  adequate  sta 
bility  are  those  that  do  not  fade  or  other 
wise  change  in  a  reasonable  period  of  time. 
Keeping  conditions  that  have  to  be  con 
sidered  are  the  quality,  intensity,  and  time 
of  incident  illumination,  the  temperature 
and  relative  humidity  conditions,  and  any 
atmospheric  effects  due  to  industrial 
fumes.  Fluorescent  colorants  should  be 
avoided  and  if  possible  those  colorants  that 
tend  to  shift  hue  with  their  density  or  de 
gree  of  absorption  (dichroic  materials). 

If  colorants  are  to  be  superimposed,  they 
must  be  quite  transparent  or  the  "top" 
colorant  will  affect  the  other  pair.  The 
physical  nature  of  the  process  or  the  chem 
istry  involved  in  the  formation  of  the 
colorant  (the  printing  of  an  ink — the 
transfer  of  a  dye — the  formation  of  a 
dye  in  an  emulsion  during  development) 
are  all  significant  in  the  selection  of  a 
compatible  set  of  colorants  for  a  particular 
color  process. 

Pigments  and  inks  as  well  as  colored 
metallic  compounds  have  found  applica 
tion  as  colorants  in  subtractive  synthesis. 
Dyes  are  the  most  common  colorants  in 
subtractive  photographic  color  processes. 
The  type  of  dye  required  (acidic,  basic, 
mordant,  etc.)  is  determined  by  the  means 
of  image  formation  in  the  process. 

HOROWITZ  AND  WALLER,  J.  Soc.  Mot.  Pict.  Eng. 

67,  401  (1958). 
GANGUIN,  J.  Phot.  Sci.  9,  172  (1961). 

EVANS,  HANSON,  AND  BREWER,  Principles  of 
Color  Photography,  Ch.  IX,  John  Wilej 
and  Sons,  Inc.,  New  York,  1953. 
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A  classification  of  subtractive  photo 
graphic  processes  on  the  basis  of  their 
method  of  forming  the  colorant  images 
shows  six  types  of  processes.  The  lines 
of  demarcation  between  the  various  meth 
ods  cannot  be  drawn  too  clearly  since 
some  commercial  processes  have  combined 
different  methods  of  image  formation. 
Usually  the  processes  in  Classes  I,  II,  and 
III  are  operated  as  separable  systems, 
whereas  processes  under  IV,  V,  and  VI 
have  chiefly  been  developed  as  inseparable 
multilayer  materials. 


available  from  the  standard  iron  toning 
formulas.  Many  variations  of  this  toner 
have  been  in  common  use,  especially  for 
two-color  motion  picture  processes  and  for 
making  blue-toned  prints  in  monochro 
matic  photography.  Yellow  images  are 
readily  obtainable  by  the  conversion  of 
a  silver  image  to  yellow  lead  chromate, 
cadmium  sulfide,  or  nickel  ferricyanide. 
Of  these  three,  the  first  two  produce  the 
best  hues.  The  search  for  a  satisfactory 
magenta  metallic  image  was  fruitless  until 


SUBTKACTIVE   PRINTING   PROCESSES 


Process 


Image  Colorants 


I.  Toning  Processes 

A.  Metallic  toning Colored  metallic  salts 

B.  Dye  toning  or  mordanting Dyes  (usually  basic) 

II.  Gelatin  Relief  Processes 

A.  Tanning  development Dves  or  pigments 

B.  Dichromated  colloids,  hardening  brought  about  by : 

1.  Light Pigments 

2.  Silver 

a.  Carbro Pigments 

b.  Hardening  bleaching Dyes 

c.  Dyebro Dves 

C.  Etching Dves 

III.  Differentially  Hardened  Colloids— Relief  Formation  not  Essential 

A.  Differential  staining Dyes 

B.  Differential  water  absorption  Inks 

IV.  Dye  Coupling Dves 

V.  Dye  Destruction  (Chemical) Dyes 

VI.  Dye  Bleaching  (Light) Dves 

Metallic  Toning.  Three-color  toning  1930.  Between  1930  and  1936,  several 

processes  make  use  of  the  familiar  prin-  British  and  United  States  patents  were 

ciple  of  the  replacement  of  a  black  silver  granted  for  obtaining  the  magenta  image 

image  by  an  image  of  another  metallic  with  nickel  dimethylglyoxime  or  p-di- 

compound  which  is  the  desired  color.  The  methylaminobenzylidenerhodanine.  Previ- 

procedures  used  in  metallic  toning  are  sim-  OTIS  toning  methods  had  made  use  of  ura- 

ilar  to,  although  more  complicated  than,  nium  and  copper  toners  which,  although 

those  employed  in  obtaining  a  sepia  print  rather  useless  for  three-color  photography, 

by  bleaching  and  redevelopment  of  a  were  quite  successful  in  two-color  processes 

black-and-white  print.  since  the  image  color  was  red  rather  than 

A  satisfactory  metallic  cyan  colorant  is  magenta. 
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The  Defender  Chromatone  Process, 
available  from  1936-1941,  made  use  of 
these  procedures  after  making  three  black- 
and-white  positives  on  a  special  collodion 
stripping  paper.  Exposure  and  develop 
ment  were  altered  until  equal  gray-scale 
neutrals  were  obtained  on  each  of  the  three 
silver  positives.  After  development,  the 
three  positives  were  fixed  in  a  nonharden- 
ing  fixing  bath  and  washed  before  toning. 
During  washing,  the  water-soluble  adhe 
sive  layer  securing  the  emulsion-coated 
collodion  to  the  paper  base  was  softened 
enough  to  permit  removal  of  the  image- 
bearing  collodion  film  from  the  paper  back 
ing.  The  three  positives  were  then  toned. 
The  magenta  image  was  obtained  by 
bleaching  the  silver  in  a  bath  of  a  nickel 
salt,  potassium  ferricyanide,  and  various 
other  reagents  to  control  the  conversion 
to  nickel  ferrocyanide.  After  washing, 
the  white  image  was  converted  to  nickel  di- 
methylgloxime  and  treated  with  hypo  to 
remove  the  silver  ferrocyanide,  the  trans 
parent  magenta  image  remaining.  The 
cyan  image  was  obtained  in  a  similar  man 
ner,  being  converted  to  an  iron  instead  of 
a  nickel  compound.  The  yellow  image  was 
obtained  by  bleaching  in  a  lead  nitrate 
bath  to  lead  ferrocyanide  and  then  con 
verting  to  yellow  lead  chromate.  After 
a  final  washing,  the  three  films  with  their 
toned  images  were  superimposed  on  a 
white  support. 

Dye  Toning.  The  dye  toning  process 
involves  the  replacement  of  the  positive 
silver  image  by  a  compound  having  an 
affinity  for  dyes.  These  methods  are  some 
times  called  dye  mordanting  processes,  be 
cause  the  compound  replacing  the  silver 
image  acts  as  a  mordant  for  the  colorant. 
The  most  commonly  used  mordants  are 
silver  iodide,  metallic  ferrocyanides  and 
sulfocyanates,  as  well  as  various  complex 
compounds  composed  of  two  or  more  sub 
stances  of  the  above  types.  Mordants  for 


color  photography  should  be  as  trans 
parent  and  colorless  as  possible. 

In  general,  basic  dyes  are  more  readily 
attached  to  the  available  mordants  than 
the  acid  dyes  and  are  used  for  most  dye 
toning.  The  usual  procedure  is  to  make 
three  thin,  low-contrast  positives  on  film 
and  then,  after  fixation  and  washing,  treat 
them  with  the  chosen  mordanting  bath. 
After  the  silver  image  is  converted  to  the 
mordant,  the  films  are  washed  and  dyed  in 
weak  solutions  of  the  appropriate  basic 
dyes.  A  final  washing  clears  the  nonimage 
portions  of  dye.  The  three  images  are 
then  registered  either  as  a  transparency  or 
stripped  from  their  supports  and  super 
imposed  to  form  a  print  on  a  white  sup 
port.8 

The  dye  mordant  processes  are  capable 
of  yielding  excellent  color  pictures  due  to 
the  brilliance  and  desirable  hues  of  the 
basic  dyes.  The  chief  disadvantages  of 
processes  of  this  type  have  been  difficulty 
in  holding  clear  whites  and  the  lack  of 
permanence  of  the  available  dyes. 

Relief  Processes.  Several  methods  of 
making  color  photographs  may  be  classified 
as  relief  processes.  A  relief  process  is  one 
in  which,  instead  of  an  image  composed 
of  silver  in  gelatin,  there  is  a  layer  of 
material,  usually  gelatin,  of  variable  thick 
ness — the  thickness  varying  in  the  same 
manner  as  the  quantity  of  silver  in  the 
usual  print.  It  might  be  said  in  describing 
such  an  image  that,  instead  of  having  a 
variable  density  of  silver,  it  has  a  variable 
thickness  of  gelatin  (Fig.  32.7). 

Under  the  heading  of  relief  processes 
are  included  the  most  common  separable 
color-print  processes,  carbro  and  dye  trans 
fer.  The  cross  mixtures  of  relief  forma 
tion  and  coloring  materials  testify  to  the 
thorough  search  that  inventors  have  made 


s  Friedman,  History  of  Color  Photography,  Ch. 
21,  American  Photographic  Publishing  Co.,  Bos 
ton,  1944. 
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for  practical  methods  of  making  color 
prints.  Thus,  there  are  relief  processes 
in  which  the  relief  is  colorless  gelatin, 
which  is  later  dyed,  the  final  print  made 
by  imbibition,  and  those  in  which  the  re 
liefs  are  permanently  colored  with  pig 
ments  which  themselves  compose  the  final 


SILVER  HALIDES  IN  GELATIN 

SILVER  IN. GELATIN) 


(A) 


•^EMULSION 
^-SUPPORT 
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PIG.  32.7.  A  normal  photographic  image  (A) 
composed  of  silver  grains  representing  density, 
(B)  A  similar  relief  image  of  gelatin  which 
may  be  clear  or  may  contain  a  coloring 
material. 

image.  The  production  of  the  relief  it 
self,  no  matter  how  used  later,  may  be  car 
ried  out  by  a  variety  of  methods  as  indi 
cated  in  the  process  classification  table. 
Tanning  Development.  Gelatin  relief 
formation  by  means  of  tanning  develop 
ment  depends  on  the  fact  that  the  oxida 
tion  products  of  certain  developing  agents, 
notably  pyrogallol,  pyrocatechin,  and  hy- 
droquinone,  exert  a  tanning  action  on  gela 
tin.  This  reaction  occurs  wherever  the 
silver  image  is  formed,  the  remainder  of 
the  gelatin  being  unaffected.  The  tanning 
action  depends  on  the  composition  of  the 
developer.  Preservatives,  such  as  sodium 
sulfite,  retard  the  oxidation  of  the  devel 
oper  and,  if  present  in  large  amounts,  may 
prevent  any  tanning  of  the  gelatin.  Most 
formulas  compounded  for  tanning  develop 
ment  contain  a  minimum  of,  or  no,  pre 
servative.  A  typical  developer,  for  ex 
ample,  contains  citric  acid,  pyrogallol,  and 
ammonium  bromide  in  one  solution,  and 
sodium  hydroxide  in  the  other  stock  solu 
tion.  They  are  mixed  and  diluted  with 
water  just  before  use.  The  production  of 


gelatin  reliefs  by  means  of  tanning  de 
velopment  must  be  carefully  standardized 
since  the  insolubilization  of  the  gelatin 
may  go  on  after  the  film  is  removed  from 
the  developer.  A  constant  wash  followed 
by  fixation  and  bleaching  is  carried  out 
before  the  removal  of  the  unhardened  gela 
tin  by  hot  water. 

The  Duxochrome  process  for  color 
prints,  available  in  Europe  before  World 
War  II,  made  use  of  a  tanning  developer, 
pyrocatechin,  in  the  production  of  three 
relief  films.  The  Duxochrome  Films  were 
sensitized  with  the  usual  silver  halides 
but,  in  addition,  contained  coloring  pig 
ments  suspended  in  the  gelatin.  These 
films,  colored  cyan,  magenta,  and  yellow, 
were  exposed  through  the  film  base  to 
the  proper  negatives  and  developed  in  the 
tanning  developer  which  tanned  the  gela 
tin  wherever  silver  halide  was  reduced. 
The  films  were  then  immersed  in  hot  water, 
which  dissolved  the  soluble  gelatin,  and 
finally  bleached  and  fixed  to  remove  the 
developed  silver.  The  colored  gelatin  re 
lief  positives  were  then  placed  in  register 
for  a  transparency  or  dried  in  succession 
onto  a  paper  base  to  make  a  paper  print.9 

Beliefs  made  by  tanning  development 
have  been  used  widely  for  imbibition  dye 
printing.  Many  release  prints  in  profes 
sional  motion  pictures  are  obtained  in  this 
manner  by  the  Technicolor  Corporation. 
The  hardness  of  the  relief  after  tanning 
development  is  an  important  factor  where 
many  successive  printings  are  desired  from 
a  single  set  of  matrices. 

Dye  Transfer.  The  Kodak  Dye  Trans 
fer  Process,  introduced  in  1946,  is  an  im 
provement  on  the  older  Kodak  Wash-Off 
Relief  process.  Separation  negatives  of  a 
rather  wide  variety  of  density  ranges  may 
be  satisfactorily  printed  with  this  process 
and  the  operator  has  control  over  the 


9  Phot.  Ind.  38,  558   (1940). 
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FIG.  32.8.    Magenta-dyed  matrix  being  rolled  down  over  cyan  image. 


contrast  and  density  of  the  individual  dye 
images  up  to  the  moment  of  transfer  to 
paper.  Duplicate  prints  are  readily  made 
f rom  the  same  set  of  printing  matrices. 

Briefly,  the  process  consists  of  making 
exposures  from  a  set  of  separation  nega 
tives  on  three  sheets  of  Kodak  Matrix 
Film.  This  is  a  yellow-dyed,  mainly  blue- 
sensitive  emulsion  of  bromide  paper  speed, 
and  it  is  exposed  through  the  film  base. 
Contrast  is  controlled  by  adjusting  the 
composition  of  the  developing  solution. 
The  films  are  processed  in  a  tanning 
developer,  rinsed  in  water,  and  placed  in  a 
nonhardening  fixing  bath.  They  are  then 
treated  with  hot  water  to  remove  the  un- 
tanned  gelatin,  rinsed,  and  dried.  After 
drying,  the  matrices  are  dyed  in  the  ap 
propriate  dyes,  cyan,  magenta,  or  yellow, 
and  superimposed  in  register  over  an  il 
luminator.  This  allows  the  matrices  to  be 
perforated  or  trimmed  so  that  each  of  them 


can  readily  be  aligned  to  place  their  images 
in  the  same  position  over  the  paper  that 
will  receive  the  three  dye  images.  After 
registration  is  complete,  the  matrices  are 
re-dyed,  the  excess  surface  dye  removed 
in  an  acetic  acid  rinse,  and  the  dye  im 
ages  transferred  one  after  the  other  to  a 
gelatin  coated  paper  containing  a  mordant 
for  the  dyes  (Fig.  32.8). 

The  Dye  Transfer  process  can  success 
fully  be  used  when  separation  negatives 
are  available  having  density  ranges  from 
1.0  to  1.8.  Since  the  matrix  film  is  dyed 
yellow  to  control  the  penetration  of  the 
exposing  light,  changing  the  color  of  the 
exposing  light  from  violet  through  white 
to  yellow  gives  increasing  penetration  and 
therefore  a  thicker  gelatin  relief  and  a 
resulting  greater  dye  absorption  and  image 
contrast.  Adjustments  in  the  specularity 
of  the  light  source  also  allow  some  change 
of  image  contrast  level.  The  major  con- 


PANCHROMATIC  MATRIX  FILM 
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trast  adjustment  available  in  the  prepara 
tion  of  the  matrices  is  obtained  by  chang 
ing  the  composition  of  the  tanning  devel 
oper  components.  This  adjustment  makes 
it  possible  to  obtain  similar  matrix  relief 
images  from  the  extremes  of  acceptable 
negative  density  ranges. 

Control  of  picture  characteristics — den 
sity,  contrast,  characteristic  curve  shape, 
etc. — is  one  feature  that  at  present  dis 
tinguishes  the  separable  subtractive  color 
processes  from  the  inseparable  processes. 
Such  control  is  often  essential  in  preparing 
professional  quality  color  prints  for  ad 
vertising  or  as  copy  for  reproduction.  In 
the  Dye  Transfer  process,  for  example,  it 
.is  not  only  possible  to  make  the  matrix 
contrast  adjustments  mentioned,  but  also 
available  are  individual  dye  image  changes 
that  can  be  made  just  prior  to  image 
transfer  to  paper.  The  acidity  of  one  or 
more  of  the  dye  solutions  can  be  changed 
to  shift  the  dye  image  contrast  due  to  dif 
ferent  dye  absorptions  by  the  gelatin  of 
the  relief  image.  Additions  to  the  acid 
rinse  baths  used  just  before  image  transfer 
allow  minor  adjustments  in  highlight  den 
sities  or  decreased  image  contrast  of  any 
one  or  all  of  the  three  dye  images. 

The  gelatin-coated  paper  to  which  the 
dye  images  are  transferred  contains  a 
mordant  to  assure  rapid  transfer  and  pre 
vent  any  spreading  or  diffusion  of  the  dye 
image.  The  paper  is  soaked  in  a  condi 
tioning  solution  before  use.  If  the  mat 
rices  are  occasionally  cleaned  between 
transfers,  a  large  number  of  identical  color 
prints  can  be  obtained  from  a  set  of 
matrices.  The  dye  solutions  are  usually 
replenished  in  order  to  obtain  consistent 
print  density  and  color  on  successive 
prints. 

Another  process  designed  to  make  use 
of  the  same  method  of  relief  formation  was 
introduced  by  Eastman  Kodak  in  1946 
under  the  name  of  ct  Kodak  Flexickrome 


FIG.  32.9.     Pin -register   board. 

Process."  A  single  gelatin  relief  was 
made  from  a  black-and-white  negative  onto 
a  film  similar  to  that  used  in  preparing 
Dye  Transfer  matrices  except  that  the 
processed  gelatin  relief  could  be  stripped 
from  its  support  and  attached  to  a  white 
surface.  The  dry  relief  image  was  then 
colored  by  the  application  of  dyes  on  a 
brush.  The  color  was  chosen  by  the  op 
erator  and  the  relief  image  assured  the 
proper  photographic  gradation.  Colors 
could  be  altered  in  any  way  by  the  colorist, 
and  the  process  supplied  a  very  adaptable 
means  of  making  a  colored  photograph. 

Panchromatic  Matrix  Film.  To  obtain 
a  separable  subtractive  printing  system 
usable  with  multilayer  color  negative  film, 
the  Eastman  Kodak  Company  made  avail 
able  in  1944  a  panchromatic  matrix  film. 
This  makes  possible  the  use  of  Dye  Trans 
fer  procedures  when  printing  color  nega 
tives,  such  as  Kodacolor  or  Kodak  Ekta- 
color  negatives.  Three  sheets  of  the  Pan 
Matrix  Film  are  exposed  through  red, 
green,  and  blue  filters  from  the  color  nega 
tive.  The  panchromatic  emulsion  contains 
a  light  absorber,  and  exposure  is  through 
the  base.  Since  the  three  negative  dye 
images  are  already  in  register  in  the  color 
negative  film,  the  three  sheets  of  Pan 
Matrix  Film  come  perforated  on  one  edge 
and  are  exposed  over  pins  (Fig.  32.9) 
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which  assure  the  register  of  the  three  gela 
tin  relief  images  when  their  dyes  are  to  be 
transferred  to  paper.  The  same  dyes  that 
are  used  with  Matrix  Film  are  used  with 
Pan  Matrix  Film.  Similar  image  control 
procedures  are  available  when  printing. 

Hardening  Action  of  Light  on  Dichro- 
mated  Colloids.  One  important  photo 
graphic  reaction  is  the  hardening  of 
dichromated  colloids  by  the  action  of  light, 
discovered  by  Ponton  in  1830.  The  col 
loid  used  in  color  photography  is  usually 
gelatin  which  may  be  either  clear  or  con 
tain  some  coloring  pigment  in  suspension. 
If  such  a  gelatin  film  is  bathed  in  a  solu 
tion  of  a  dichromate  and  dried  in  the 
dark,  it  becomes  light  sensitive.  When 
exposed  under  a  negative  to  a  strong  light, 
the  gelatin  becomes  insoluble  in  propor 
tion  to  the  intensity  of  the  exposure.  If 
the  film  is  placed  in  warm  water,  the  un 
affected  gelatin  may  be  dissolved  and  re 
moved. 

The  carbon  process,10  which  was  super 
seded  by  carbro,  employed  this  procedure 
for  making  three-color  prints.  Belcolor 
and  Dufaytissue  were  later  adaptations 
employing  the  same  basic  reactions  with 
newer  techniques  and  materials.  These 
processes  were  alike  in  that  pigmented 
gelatin  films  were  sensitized  in  bichromate 
solutions  and  dried  in  the  dark  before 
exposure  to  the  proper  separation  nega 
tives.  After  exposure  through  the  film 
base  under  strongly  actinic  light,  the  films 
were  developed  in  hot  water  to  obtain  re 
lief  images.11  Some  local  control  could  be 
exercised  with  very  hot  water  in  areas  re 
quiring  reduction.  When  a  satisfactory 
balance  was  secured,  the  films  were  dried. 
The  three  colored  films  could  either  be 
combined  to  form  a  transparency  (if  the 


10  Friedman,  History  of  Color  Photography, 
American  Photographic  Publishing  Co.?  Boston, 
1944. 

"Beale,  Phot.  J.  81,  108  (1941). 


contrasts  were  sufficiently  high)  or  super 
imposed  on  paper  to  form  a  reflection 
print.  By  using  a  suitable  cement  the 
pigmented  gelatin  could  be  secured  to  the 
paper  and  the  transparent  films  removed. 

Hardening  Reaction  Between  Silver  and 
Dichromated  Colloids.  The  result  consid 
ered  in  the  previous  section  may  be  dupli 
cated  in  a  simple  manner  by  means  of  a 
reaction  discovered  by  Howard  Farmer 
in  1899.  If  a  developed  image  consisting 
of  finely  divided  silver  is  treated  with  a 
suitable  dichromate  solution,  the  gelatin 
surrounding  the  silver  grains  is  hardened 
in  a  manner  similar  to  the  hardening  of  a 
dichromated  colloid  by  light.  This  re 
action  was  the  basis  for  two  widely  used 
color  print  processes;  a  form  of  relief 
imbibition  printing  and  carbro  printing. 
In  appearance  these  two  processes  are  dis 
similar,  but  they  are  dependent  on  a  simi 
lar  chemical  reaction.  The  exact  reactions 
are  not  known,  but  it  will  suffice  to  say 
that  the  dichromates  are  reduced  and  the 
reaction  products  are  capable  of  hardening 
gelatin.  In  the  relief  imbibition  process, 
the  hardening  action  takes  place  around 
the  individual  silver  grains ;  whereas  in 
carbro,  the  hardening  action  is  transferred 
by  diffusion  to  an  adjoining  layer  of  pig 
mented  gelatin.  In  both  processes  the  un 
affected  gelatin  is  washed  away  with  hot 
water,  leaving  a  positive  relief  image  of 
gelatin.  In  imbibition  printing  the  relief 
is  of  clear  gelatin  which  is  later  dyed,  the 
dyes  being  transferred  to  a  paper  base.  In 
carbro,  the  gelatin  reliefs  contain  pig 
ment,  and  the  final  print  is  composed  of  a 
combination  of  three  pigmented  relief  im 
ages  on  a  single  paper  support. 

The  Eastman  Wash-Off  Relief  process, 
introduced  in  1934,  made  use  of  this  re 
action  and  dye  imbibition  to  prepare  color 
prints.  The  process  has  been  replaced  by 
Dye  Transfer  which  is  a  faster  and  more 
•adaptable  system  for  obtaining  the  same 
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PIG.  32.10.     Diagram  of  the  wash-off  relief  process. 


result.  The  formation  of  gelatin  relief 
positives  in  the  Wash-Off  Eelief  process 
was  dependent  on  the  use  of  an  acid  di- 
chromate  solution  containing  a  halide  salt. 
The  bleaching  of  the  developed  positive  sil 
ver  image  was  accompanied  by  hardening 
of  the  gelatin  surrounding  the  silver.  Un- 
hardened  gelatin  was  removed  by  hot 
water  or  treatment  with  a  20%  solution 
of  ammonium  thiocyanate.  The  gelatin 
reliefs  were  hardened  further  by  treat 
ment  with  a  solution  of  formalin  before 
drying  (Fig.  32.10).  Buffered  acid  dyes 
were  used  as  colorants.12 

Three-Color  Carbro.  The  carbon  proc 
ess  (see  page  357),  described  by  duHauron 
and  Cros  in  1869,  was  one  of  the  earliest 
means  of  obtaining  a  paper  print  from 
color-separation  negatives.  It  was  super 
seded  ,by  three-color  earbro  which  is  still 
used  for  some  professional  color  prints. 
Three-color  earbro,  while  more  exacting 
in  its. techniques  than  other  separable  sub- 
tractive  processes,  is  capable  of  excellent 


.    12  Friedman,  Amer.  Phot.  34,  529,  609    (1940). 
Colton     and     Thronson,    Photo-Technique    2,     54 , 
(1940). 


quality  prints.  The  stages  in  making  a 
three-color  earbro  are  similar  to  those  used 
in  monochromatic  earbro  work  except  that 
three  different  sheets  of  pigmented  gelatin 
are  required  and  several  image  transfers 
are  necessary.13 

The  starting  point  for  three-color  earbro 
is  a  set  of  three  black-and-white  bromide 
prints  prepared  from  the  color-separation 
negatives.  Special  bromide  paper  without 
a  clear  gelatin  overcoating  is  required  and 
is  cut  the  same  way  from  the  production 
roll  of  paper  to  minimize  later  registration 
difficulties.  Some  manipulation  of  image 
contrasts  can  be  obtained  when  developing 
the  bromide  prints.  Identical  reproduc 
tions  of  a  gray  scale  on  each  bromide  are 
usually  desired.  After  the  three  bromide 
prints  are  dry,  the  three  different  pigment 
papers  (cyan,  magenta,  or  yellow  pigments 
in  gelatin  coated  on  paper  supports)  are 
"sensitized"  in  a  solution  usually  contain 
ing  acidified  dichromate,  a  ferricyanide, 
and  bromide.  ,  After  the  proper  time  of 
treatment  in  the  sensitizing  solution,  each 


is  Alexewicz,  J.  Phot.  Soc.  Amer.  168,  99  (1950). 
Coppin  and  Spencer,  Phot.  J.  88B,  78   (1948). 


444 


METHODS  OF  COLOR  SYNTHESIS 


pigment  is  combined  with  a  proper  bro 
mide  print,  the  surfaces  of  print  and  pig 
ment  being  combined  by  running  the  sand 
wich  through  a  wringer  roller.  The  silver 
image  is  thus  bleached  and  the  gelatin  con 
taining  pigment  in  contact  with  the  print 
is  hardened  in  proportion  to  the  adjoining 
silver  bleaching  reaction.  The  bleached 
bromides  are  discarded.  The  three  pig 
ment  papers  with  their  differentially  hard 
ened  gelatin  are  placed  in  contact  with 
transparent  supports  to  which  they  will 
adhere.  The  unhardened  gelatin  is  then 
removed  with  warm  water.  The  cyan,  ma 
genta,  and  yellow  pigmented  relief  images 
are  dried.  The  three  images  are  then  com 
bined  in  register  and  finally  transferred 
to  a  paper  support. 

Etching'  Processes.  A  dye-absorbing 
gelatin  positive  relief  image  may  be  ob 
tained  by  chemically  etching  a  silver  nega 
tive.  This  process  makes  use  of  nascent 
oxygen  from  the  etching  solution  to  at 
tack  the  colloid  surrounding  the  finely 
divided  silver  grains.  R.  E.  Liesegang 
observed  in  1897  that  the  gelatin  surround 
ing  a  silver  image  was  softened  and  could 
be  removed  with  hot  water  after  the  film 
was  treated  with  a  solution  containing  am 
monium  persulfate.  This  method  was  im 
proved  by  M.  Andresen,14  who  used  hydro 
gen  peroxide  with  a  halogen  acid,  and  by 
Wall.15  This  process  necessitates  the  use 
of  a  negative  image  to  obtain  a  positive 
relief.  Defender  Pan-Chroma  Belief  Film 
was  produced  for  making  positive  relief 


i*  Phot.  Korr.  260    (1899). 

is  Wall,  History  of  Three-Color  Photography, 
American  Photographic  Publishing  Co.,  Boston, 
1925. 

FRIEDMAN,     History     of     Color    Photography, 

American    Photographic    Publishing    Co., 

Boston,   1944. 
SPENCER,  Colour  Photography  in  Practice,  3rd 

Ed.,  Pitman  Publishing  Corp.,  New  York, 

1952. 


images  directly  from  positive  color  trans 
parencies  by  this  method.  Three  sheets  of 
film  containing  a  neutral  light  absorber 
to  restrict  the  penetration  of  the  exposing 
light  were  exposed  from  the  emulsion  side 
through  tricolor  analysis  filters.  After  de 
velopment  to  negative  silver  images,  fixa 
tion,  and  drying,  they  were  treated  with 
the  cool  etching  bath.  The  reaction  re 
moves  the  negative  silver  image  and  ad 
joining  gelatin,  leaving  a  positive  gelatin 
relief.  After  fixation,  washing,  and  dry 
ing,  the  three  films  are  ready  for  dyeing. 
The  dye  images  were  transferred  to  paper 
by  imbibition. 

Differential  Hardening  of  Dichromated 
Colloids.  The  dichromate-colloid  reaction 
may  be  used  in  other  ways  to  form  a  useful 
image.  In  contrast  to  the  previously  con 
sidered  relief  processes,  use  may  be  made 
of  the  hardening  action  of  light,  or  silver, 
on  a  dichromated  colloid  to  form  images  in 
which  the  distinguishing  characteristic  is 
the  hardening,  to  which  various  parts  of 
the  colloid  (gelatin)  have  been  subjected. 
A  slight  relief  image  may  be  formed  in 
some  of  these  processes,  but  its  presence  is 
incidental  and  none  of  the  colloid  is  re 
moved.  Such  a  result  is  useful  since  cer 
tain  water-soluble  dyes  and  greasy  inks 
react  differently  to  hard  and  soft  gelatin. 
For  purposes  of  classification,  it  is  possible 
to  distinguish  between  those  processes  em 
ploying  dyes  and  those  using  inks  as  the 
coloring  medium. 

1.  Dye  processes  employing  the  differ 
ential  hardening  of  colloids  are  generally, 
although  not  always,  of  the  imbibition 
type.  Edwards  in  1875  and  Cros  in  1880 
discovered  that  a  gelatin  layer  could  be 
made  to  absorb  some  water-soluble  dyes 
differentially  by  properly  hardening  parts 
of  the  gelatin.  This  idea  was  further  de 
veloped  by  Didier  and  developed  commer 
cially  as  the  Pinatype  process.  The  dyes 
used  in  Pinatype  were  capable  of  staining 
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soft  gelatin  in  preference  to  hardened 
gelatin.  If  a  gelatin  layer  contained  an 
image  of  hardened  gelatin,  the  dye  would 
be  absorbed  by  the  reverse  image — i.e.,  by 
the  soft  gelatin.  Thus,  if  the  printing 
plate  image  was  made  from  a  positive,  a 
positive  dye  image  was  created.  The  orig 
inal  process  made  use  of  the  standard 
color-separation  negatives  from  which 
three  positive  transparencies  were  made. 
These  transparencies  were  then  used  to 
expose  three  sensitized  colloid  layers.  The 
colloids,  usually  gelatin,  were  treated  with 
dichromate  and  dried  before  their  expo 
sure  to  light.  The  gelatin  was  hardened  by 
exposure  in  proportion  to  the  transparency 
of  the  positive,  thus  giving  a  negative 
image  of  hardened  gelatin.  If  such  a  plate 
is  immersed  in  a  Pinatype  dye,  a  positive 
dye  image  is  obtained.  The  film  might  be 
used  either  as  a  transparency,  or  the  dye 
transferred  to  a  final  support  of  soft  gela 
tin,  as  in  the  relief  imbibition  processes. 
It  must  be  borne  in  mind  that  the  printing 
plates  made  by  this  procedure  are  smooth 
and  contain  all  the  original  gelatin,  various 
parts  of  which  absorb  certain  dyes. 

2.  A  second  type  of  process  employing 
a  differentially  hardened  colloid  is  based 
on  a  somewhat  different  property  of  the 
colloid.  If  a  layer  of  gelatin  containing 
hardened  and  soft  portions  is  placed  in 
a  water  bath,  the  water  will  be  freely  ab 
sorbed  by  the  soft  gelatin  but  not  appre 
ciably  by  the  hardened  gelatin.  If  such 
a  film  is  then  inked  with  a  greasy  ink,  it 
will  adhere  to  the  hard  gelatin  surface 
while  the  water-soaked  soft  gelatin  will  re 
ject  it.  Such  an  ink  image  may  be  trans 
ferred  to  any  paper  surface.  The  photo- 
gelatin  processes,  such  as  Collotype  and 
Bromoil,  make  use  of  such  a  procedure  and 
are  capable  of  high  quality  reproductions 
employing  inks  as  colorants. 

Dye  Coupling  or  Color  Development. 
Dye  coupling  procedures  are  undoubtedly 


one  of  the  most  logical  methods  of  obtain 
ing  color  prints.  Aside  from  the  three 
separate  images  required,  the  procedure  is 
the  same  as  that  employed  for  normal 
black-and-white  production.  Color  devel 
opment  involves  the  conversion  of  a  latent 
image  to  metallic  silver  and  the  simul 
taneous  formation  of  a  dye.  As  the  pro 
duction  of  the  dye  is  directly  connected 
with  the  reduction  of  metallic  silver,  the 
dye  alone  will  give  a  positive  image  con 
trolled  by  the  intensities  of  the  exposing 
light.  By  the  proper  choice  of  color 
formers  (couplers),  a  set  may  be  found 
producing  the  necessary  subtractive  color 
ants — magenta,  cyan,  and  yellow.  If  three 
such  films  are  prepared  from  a  set  of  color- 
separation  negatives  and  if,  after  remov 
ing  the  silver  image,  they  are  superim 
posed,  a  color  print  results.  Such  sepa 
rable  processes  for  paper  prints  have  not 
been  successful  commercially.  There  are 
several  difficulties,  such  as  instability  to 
light,  stained  highlights,  and  unsatisfac 
tory  spectral  reflectance  of  the  colorants 
available.  The  greatest  use  of  dye  cou 
pling  development  lies  in  the  inseparable 
multilayer  reversal  transparency  and  neg 
ative-positive  processes  discussed  in  Chap 
ter  33. 

Dye  Destruction  Processes.  The  dye 
destruction  processes  date  back  to  the  early 
years  of  this  century  and  are  based  on 
the  chemical  destruction  of  dyes  in  an 
emulsion  containing  a  silver  image.  The 
emulsion  contains  dye  originally  and,  after 
the  silver  image  is  developed,  the  film  may 
be  treated  with  solutions  which  destroy 
either  (1)  the  dye  in  contact  with  the 
silver  image,  or  (2)  the  dye  in  contact 
with  the  remaining  silver  halide.  In  either 
case,  the  color  remaining  after  the  removal 
of  the  silver  and  halides  is  a  dye  image  in 
gelatin.  Since  the  only  commercial  use 
of  dye  destruction  processes  has  been  in 
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connection  with  multilayer  materials,  this 
process  will  be  discussed  in  Chapter  33. 

Dye  Bleaching.  In  a  photochemical  sys 
tem,  the  only  effective  radiation  is  that 
absorbed  by  the  medium  itself  (Grotthus- 
Draper  Law).  Most  dyes  fade  when  ex 
posed  to  visible  or  ultraviolet  radiation, 
and  many  are  known  that  fade  so  rapidly 
as  to  be  useless  for  most  commercial  pur 
poses.  Since  any  coloring  agent  transmits 
its  own  color  and  absorbs  the  remainder 
of  the  visible  spectrum  (its  complementary 
color),  a  magenta  dye,  for  example,  is 
most  effective  in  the  absorption  of  green 
light,  a  red  dye  in  the  absorption  of  blue- 
green  light,  etc.  If  a  layer  of  gelatin  con 
taining  a  fugitive  yellow  dye  is  exposed  to 
a  colored  positive,  the  dye  will  be  bleached 
wherever  blue  light  reaches  the  layer  of 
gelatin.  The  blue  radiation  will  be  ab 
sorbed  by  the  yellow  dye  and  produce  a 
photochemical  change  which  results  in  the 
bleaching  of  the  dye,  while  red  and  green 
are  transmitted  relatively  freely  and, 
therefore,  will  not  cause  any  appreciable 
alteration  of  the  dye.  Consequently,  if 
three  such  layers,  dyed  with  light-sensitive 
subtractive  printing  colorants,  are  exposed 
to  a  positive  color  image,  a  positive  color 
picture  will  be  obtained  directly. 

Such  an  apparently  simple  solution  to 
the  problem  of  obtaining  color  photo 
graphs  has  naturally  been  extensively  in 
vestigated.  At  least  two  such  processes 
have  been  exploited  commercially:  Uto- 
color  paper  produced  by  Smith  in  1912 
was  an  early  commercial  process,16  and 

.  J.  50,  141  (1910). 


Vitachrome  paper  was  briefly  available  in 
1938.  There  are  a  number  of  serious 
obstacles  to  be  overcome  in  a  successful 
bleach-out  process,  the  most  important  be 
ing  the  difficulty  of  obtaining  sufficient 
sensitivity  to  permit  reasonably  short  ex 
posures  and  stabilizing  the  dye  to  render 
the  image  permanent.  The  obvious  sim 
plicity  of  the  system  attracts  so  strongly 
that  it  is  still  being  investigated. 

Since  most  usable  dyes  are  so  slowly 
bleached  by  light  as  to  be  worthless  for 
practical  work,  various  sensitizers,  or  ac 
celerators,  have  been  added  to  the  different 
dyes  to  increase  their  light  sensitivity  for 
use  with  this  process.17  The  sensitizer 
may  take  the  form  of  the  dye-carrying 
material  (collodion  or  gelatin)  or  may  be 
present  as  added  ingredients  (other  dyes, 
thiourea  derivatives,  oxides,  and  salts  of 
various  metals  with  acids).18  A  study  of 
the  reactions  of  the  various  light-sensitive 
dyes  has  indicated  both  photochemical  oxi 
dation  and  photochemical  reduction  as  tak 
ing  place  when  the  dyes  are  bleached,  the 
exact  reaction  depending  on  the  dye.  A 
somewhat  analogous  method  employs,  as 
the  sensitive  system,  dyes  or  leuco  deriva 
tives  'that  will  react  as  dyestuff  generators 
when  exposed  to  light.19  In  all  these  proc 
esses,  the  sensitizers  are  destroyed,  or  are 
removed  by  chemical  treatment  or  by 
washing,  after  the  light  reaction  is  com 
pleted.  The  final  dye  images  are  thus  left 
relatively  insensitive  to  light  after  the 
accelerating  agents  are  removed. 


Phot.  32,  821  (1938). 
is  Brit.  J.  Phot.  87,  455  (1939). 
19 Brit.  J.  Phot.  88,  624  (1940). 
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Introduction.  Multilayer  processes  use 
photographic  materials  in  which  more  than 
one  emulsion  is  coated  on  a  single  support. 
An  integral  tripack  consists  of  a  single 
support  with  three  light-recording  systems 
on  one  side.  Such  a  multilayer  material 
may  also  be  called  a  monopack.  The  three 
emulsions  usually  are  not  separable  and 
are  handled  together  during  processing. 
There  are  other  methods  of  arranging  the 
three  light-sensitive  systems  such  as,  for 
example,  a  single  support  bearing  two 
emulsions  on  one  side  and  a  third  on  the 
opposite  side,  or  two  emulsions  coated  on 
one  support  and  the  third  on  a  second  sup 
port.  Tripacks  may  be  used  only  for  the 
color  analysis,  for  the  color  synthesis,  or 
for  both  the  analysis  and  the  synthesis. 
This  chapter  will  be  concerned  chiefly  with 
the  methods  of  color  formation  used  and 
the  characteristics  of  the  most  popular 
multilayer  three-color  materials.  The  gen 
eral  terms  integral  tripack  or  monopack 
will  include  all  types. 

Integral  tripacks ,  may  be  considered 
from  two  viewpoints:  (1)  the  physical 
problems  inherent  in  the  coating  of  more 
than  one  emulsion  on  a  single  support,  and 
(2)  the  chemical  and  photographic  prob 
lems  involved  in  the  formation  of  useful 
color  images  in  the  appropriate  emulsion 
layers.  The  increasing  use  of  integral 
tripacks  has  been  closely  allied  with  the 
growth  of  subtractive  colorant  formation 
by  dye  coupling  development  or  chemical 
dye  destruction.  The  development  of  in 
tegral  tripacks  has  led  to  the  commercial 
ization  of  these  systems  of  color  formation, 
but  the  tripack  itself  may  be  employed 


with  other  methods  of  color  formation.  It 
is  likewise  true-  that  the  dye  coupling  or 
dye  destruction  reactions  may  be  carried 
out  in  separable  color  materials  rather 
than  in  monopacks. 

Historical  Development.  The  idea  of 
using  a  tripack  to  record  a  set  of  color 
separation  images  may  be  traced  back,  as 
is  often  the  case  with  color  processes,  to 
du  Hauron,1  who  in  1897  laid  down  the 
-principles  of  the  separable  tripack  and 
bipack.  Selle,2  in  1899,  suggested  the 
sensitization  of  a  normal  emulsion  with  a 
double  dye  bath  of  alcohol  and  water.  One 
of  the  sensitizing  dyes,  soluble  in  water, 
penetrated  to  the  lower  depths  of  the 
emulsion  and  sensitized  to  green ;  while 
the  other  dye7  soluble  in  alcohol,  red-sensi 
tized  the  upper  surface  only,  since  it  was 
unable  to  reach  the  interior  of  the  emul 
sion.  In  this  manner,  a  single  zone-sensi 
tized  emulsion  was  obtained  with  the 
upper  stratum  capable  of  recording  the 
red-record  image,  the  lower  level  recording 
the  green.  J.  H.  Smith  suggested,  and 
produced  in  1903,  coatings  of  two  or  more 
emulsions,  separated  by  intermediate  col 
lodion  layers  on  a  single  support.  The 
emulsions  were  subsequently  stripped 
apart  for  processing.  K.  Schinzel  in  1905,3 
and  Sforza  in  1909,  proposed  integral  tri 
packs  in  which  the  sensitized  emulsions 
were  colored  with  dyes  which  were  to 
compose  the  final  image.  E.  Fischer4 

idu  Hauron,  La  Triplice  Photographique,  223 
(1897). 

2  Selle,  B.P.  12,516   (1899). 

sgehinzel,  Brit.  J.  Phot.  52,  618   (1905). 

4E.  Fischer,  Brit.  J.  Phot.  60,  595,  712  (1913) ; 
61,  329  (1914). 
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employed  dye  coupling  development  to 
form  colorant  images  and  suggested  the  in 
clusion  of  couplers  or  color  formers  in 
the  emulsions  of  multilayer  films. 

Construction  of  Multilayer  Materials. 
Some  of  the  features  of  a  multilayer  mate 
rial  are  directly  concerned  with  the  method 
of  color  formation  to  be  employed,  but 
there  are  a  number  of  common  character 
istics.  A  typical  integral  tripaek,  shown 
schematically  in  Fig.  33.1,  consists  of:  (1) 


PIG.  33.1.     Construction  of  typical  multilayer 
color  film. 

a  film,  paper,  or  glass  support;  (2)  an 
antihalation  coating  (an  alternative  place 
ment  of  this  is  between  the  bottom  emul 
sion  and  the  support) ;  (3)  three  individ 
ual  light-sensitive  emulsions,  usually  sepa 
rated  from  each  other  by  (4)  thin  layers 
of  gelatin.  The  rigid  requirements  for 
integral  tripacks  demand  the  utmost  skill 
in  emulsion  manufacturing  and  coating. 
Following  are  some  of  the  characteristics 
of  the  elements  in  a  typical  monopack: 

1.  Physical  Characteristics  of  the  Emul 
sions.  Inasmuch  as  the  thickness  of  the 
complete  monopack  (not  counting  the  sup 
port)  is  usually  about  0.001  in.,  the  in 
dividual  coatings  are  extremely  thin  (Fig. 
33.2).  The  thickness  varies  somewhat,  de 
pending  upon  the  process  for  which  the 
material  is  designed — negative  or  reversal 
processing,  reflection  or  transmitted  light 
viewing,  or  the  type  of  color  formation  to 
be  employed.  The  emulsions  are  usually 


from  1  to  5  ten-thousandths  of  an  inch  in 
thickness.  To  allow  adequate  light  trans 
mission  and  to  obtain  sharp  images  in  the 
lowest  emulsion,  the  center  and  top  emul 
sions  must  not  scatter  the  transmitted 
light  too  much  and  must  be  kept  as  trans 
parent  as  possible  or  contain  light  absorb 
ing  dyes  designed  to  minimize  light  scat 
tering.  On  the  other  hand,  the  silver 
halides  must  be  present  in  sufficient  quan 
tity  to  allow  the  formation  of  an  adequate 
silver  image,  in  order  to  obtain  the  re 
quired  color  image.  The  emulsions  may 
contain  not  only  light-sensitive  silver  hal 
ides,  but  also  sensitizing  and  light-filtering 
dyes  and  substances  for  the  formation  of 
the  color  images.  Stable,  nonmigrating 
sensitizing  and  filter  dyes  are  essential  to 
the  commercial  success  of  integral  tripacks. 

2.  Photographic    Characteristics   of    the 
Emulsions.      The    light-sensitive    coatings 
must  be  arranged  and  sensitized  so  that 
each  records  one  of  the  desired  spectral 
regions.    The  order  of  coating  the  various 
emulsions  is  not   of   fundamental  impor 
tance,  although  the  red-sensitive  layer  is 
generally  placed  at  the  bottom  of  the  pack 
in  camera  films.     The  color  recorded  by 
any  particular  emulsion  is  determined  by 
its   inherent   sensitivity,   its   sensitization, 
and  the  light-filtering  action  of  other  emul 
sion   or   filter   layers   through  which   the 
light  must  pass  before  reaching  that  emul 
sion.     Any  sensitizing  dyes  used  in   the 
various  emulsions  must  not  diffuse  into  ad 
joining  layers  and  affect  their  sensitivity. 
The   speed   and   contrast  of  each   of   the 
emulsions  are  so  adjusted  that  with  some 
specific  exposure  condition,  illuminant  and 
processing,   the   photographic  tone  repro 
duction   will   be    correct   for    each    color 
record. 

3.  Characteristics    of    the    Separating 
Layers.    The  intermediate  layers  between 
the  light-sensitive  emulsions  may  serve  one 
or  more  purposes,  the  most  important  of 
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which  are:  (1)  to  act  as  color  filters  for 
the  sensitive  emulsions,  (2)  to  aid  in  the 
differential  processing  of  the  various  emul 
sions  after  exposure,  (3)  to  minimize  the 
effects  of  one  layer  on  another  when  both 
are  simultaneously  undergoing  similar 
chemical  treatment,  and  (4)  to  aid  in 
any  possible  stripping  operations  required 
to  separate  physically  the  emulsion  layers 
after  exposure.  The  separating  layers  are 
usually  of  gelatin.  Gelatin  interlayers  are 
about  1  ten-thousandth  inch  thick  and  may 
contain  filter  dyes  or  silver  salts.  The 
uses  of  the  various  types  of  separating 
layers  are  discussed  further  in  connection 
with  the  formation  of  color  images  in  the 
tripack. 

Colorant  Image  Formation.  The  forma 
tion  of  the  required  colorant  images  in 
multilayer  materials  can  be  carried  out  by 
most  of  the  methods  listed  on  page  437. 
The  most  useful  methods,  however,  have 
been  dye  coupling  development,  silver  dye 
destruction,  and  dye  bleaching.  Of  these 
three  methods,  dye  coupling  development 
procedures  have  proved  to  be  most  adapt 
able  for  commercial  color  processes.  The 
colorant  images  may  be  cyan,  magenta, 
and  yellow  negative  dye  images  as  in  a 
multilayer  color  negative,  or  they  may  be 
positive  dye  images  in  a  reversal  trans 
parency  process  or  a  color-print  material. 

Dye  Coupling  Development.  The  for 
mation  of  a  dye  image  in  conjunction  with 
the  development  of  a  silver  image  may 
take  two  forms,  known  as  primary  and 
secondary  color  development.  In  primary 
color  development,  the  oxidation  product 
of  development  is  a  dye,  whereas  secondary 
color  development  involves  the  oxidation 
of  the  developing  agent  and  its  combina 
tion  with  another  substance  (coupler)  to 
form  the  dye. 

The  growth  of  primary  dye  coupling  de 


velopment  goes  back  to  Homolka,5  who, 
during  the  course  of  his  investigations  of 
the  latent  image,  desired  colored,  insoluble, 
development  products.  Developing  agents 
which  gave  colored  images  had  been  known 
— such  as  pyrogallol — but  Homolka  used 
indoxyl  and  thioindoxyl  to  obtain  blue  and 
red  images  of  indigo  and  thioindigo  along 
with  the  silver  images.  Homolka  did  not 
apply  this  discovery  to  color  photography, 
and  Fischer,  in  1914,  patented  these  pri 
mary  color  developers  for  the  formation 
of  monochromatic  prints.  Fischer  and 
Siegrist 6  laid  the  foundations  of  secondary 
color  development  at  the  same  time,  show 
ing  how  the  oxidation  product  of  develop 
ers,  such  as  paraphenylenediamine  and 
paraminophenol,  could  combine  with 
phenols  and  amines  (couplers)  to  form 
dyes  of  the  indophenol,  indamine,  or  indo- 
anilin  classes. 

Secondary  color  development  has  be 
come  the  accepted  method  of  color  forma 
tion  in  modern  dye-forming  processes. 
The  number  of  possible  couplers  for  use 
with  the  few  color  developing  agents  has 
increased  rapidly.  A  listing  of  the  classes 
of  dyes  formed  may  be  found  in  the  litera 
ture.  For  a  further  discussion,  see  Chap 
ter  18. 

The  usual  type  of  secondary  color  de 
velopment  makes  use  of  colorless  couplers 
which,  when  suitably  combined  with  the 
reaction  products  of  development,  give  the 


s  Homolka,  Phot.  Korr.  44,  55,  115   (1907). 
e  Fischer    and    Siegrist,    Phot.    Korr.    51,     18 
(1914). 

FRIEDMAN,  History  of  Color  Photography,  Ch. 

23,  American  Photographic  Publishing  Co., 

Boston,  1944. 
EVANS,   HANSON,   AND  BBEWEB,  Principles  of 

Color    Photography,    Chs.    YII    and    IX, 

John   Wiley   and    Sons,   Inc.,   New   York, 

1953. 
VITTTJM  AND  WEISSBERGEE,  J.  Phot.  Sci.  6,  116 

(1958). 
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required  dye  image  colorants.  It  is  also 
possible  to  use  colored  couplers 7  in  the 
emulsion.  When  color  development  occurs, 
the  colored  coupler  forms  a  dye  of  a  dif 
ferent  color  than  it  was  originally.  It  is 
therefore  feasible,  for  example,  to  use  a 
yellow-colored  coupler  which  will  form, 
during  color  development ,  a  magenta  dye. 
If  only  part  of  the  colored  coupler  is  used 
during  development,  both  yellow  and  ma 
genta  colorants  will  be  in  the  emulsion 
after  processing.  Colored  couplers  are 
used  to  obtain  color  correcting  mask  im 
ages  in  some  color  negative  materials. 

Control  of  Color  Formation,  Control 
of  the  formation  and  position  of  image 
colorants  by  dye  coupling  reactions  in 
multilayer  materials  has  been  accomplished 
by  two  general  methods.  In  the  first 
method,  the  dyes  are  formed  one  after  the 
other  by  means  of  the  controlled  penetra 
tion  of  processing  solutions  or  by  con 
trolled  exposure  of  each  of  the  color- 
recording  emulsions.  In  the  second 
method,  the  three  dyes  are  formed  simul 
taneously  by  making  use  of  couplers  in 
corporated  in  the  emulsion  layers  by  one 
of  two  different  techniques. 

I.  Successive   Colorant  Formation 

A.  Controlled  penetration  of  processing  solu 
tions 

B.  Differential  exposure  of  the  emulsions 
II.  Simultaneous   Colorant  Formation 

A.  Couplers  immobilized  in  emulsions  by  large 
organic  groups 

B.  Couplers  in  oily  organic  material  dispersed 
throughout    emulsions 

Controlled  Penetration  Methods.  These 
methods  of  color  formation  are  dependent 
on  the  fact  that  solutions  can  be  com 
pounded  so  that  they  penetrate  into  a  layer 
of  emulsion  at  a  very  slow  and  controllable 
rate. 


7  Hanson  and  Yittum,  J.  Phot.   Soc.  Amer.    13, 
94    (1947);   Brit.  J.  Phot.  96,  564,    (1949). 


The  average  developer  takes  only  a  sec 
ond  or  two  to  penetrate  an  emulsion  layer 
of  normal  thickness.  If  certain  " loading" 
reagents,  such  as  alcohol,  glycerin,  or 
sugar,  are  present  in  the  solution,  the 
penetration  period  can  be  greatly  extended. 
For  example,  in  an  integral  tripaek  it  is 
possible  by  means  of  a  loaded  dye  coupling 
developer  to  develop  the  top  layer  of  halide 
without  affecting  the  lower  emulsions  if 
the  time  of  development  is  carefully  con 
trolled.  The  control  of  such  penetrating 
solutions  is  increased  by  the  inclusion  of 
gelatin-separating  or  filter  layers  between 
the  emulsions.  The  employment  of  con 
trolled  penetration  methods  is  not  limited 
to  developers.  Suitable  bleaching  baths 
or  resensitizing  solutions  may  be  used. 
Controlled  penetration  of  bleaching  solu 
tions  was  used  in  the  processing  of  Koda- 
chrome  film  for  several  years  after  it  was 
introduced. 

Differential  Exposure  Methods.  The 
second  type  of  successive  colorant  forma 
tion  makes  use  of  various  means  of  ex 
posing  and  processing  the  three  color  rec 
ords  separately.  For  example,  if  an 
opaque  screen  of  silver  can  be  formed 
temporarily  on  both  sides  of  the  center 
emulsion  of  a  reversal  integral  tripaek 
during  first  development,  it  is  possible  to 
expose  the  bottom  emulsion  through  the 
film  base,  the  top  emulsion  from  the  front, 
and  then  to  fog  the  center  emulsion  chem 
ically.  Differential  exposure  methods  gen 
erally  depend  on  some  such  feature  of 
the  monopack's  separating  layers,  or  on 
the  emulsions  themselves,  to  make  individ 
ual  exposures  feasible.  As  in  the  previous 
example,  the  separating  layers  may  con 
tain  fogged  silver  salts  which  become 

FRIEDMAN,  History  of  Color  Photography,  Ch. 
10,  American  Photographic  Publishing  Co., 
Boston,  1944. 
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opaque  screens  during  the  first  develop 
ment  of  a  reversal  film  and  therefore  pro 
tect  the  center  layer  from  light  until  these 
screens  are  removed. 

The  same  result  may  be  obtained  in  a 
reversal  process  by  making  use  of  color 
sensitizers  in  the  emulsions  that  remain 
effective  after  the  first  development.  Sub 
sequent  exposure  of  individual  emulsions 
can  then  be  given  by  colored  light.  This 
method  replaced  the  more  complicated  con 
trolled  penetration  procedures  originally 
used  in  processing  Kodachrome  Film. 

Use  of  Nondiffusing  Substances.  If  the 
emulsions  can  be  made  to  hold  the  color- 
forming  substances  up  until  the  time  that 
the  colorant  images  are  required,  succes 
sive  colorant  formation  methods  will  not  be 
required  since  the  three  colorants  can  be 
obtained  simultaneously  in  a  single  color 
development.  To  accomplish  this  satis 
factorily,  the  color  formers  must  remain  in 
place  in  their  emulsion  layers  prior  to  and 
during  processing.  To  prevent  the  color 
formers  from  migrating,  two  procedures 
have  been  used  commercially. 

One  method  is  to  attach  to  the  color 
former  a  large  organic  group  that  does 
not  interfere  with  its  color  coupling  capa 
bility  and  yet  immobilizes  the  material  in 
the  emulsion.  Agf acolor  and  Anscoehrome 
reversal  color  films  are  typical  of  processes 
that  make  use  of  this  method  of  preventing 
coupler  diffusion.  A  second  method,  used 
in  Kodak  Kodacolor  and  Ektachrome 
Films,  has  been  to  incorporate  the  coupler 
in  the  emulsion  by  first  dissolving  it  in 
an  oily  organic  material  and  dispersing 
this  combination  in  a  finely  divided  state 
throughout  the  emulsion.  This  has  been 
called  a  protected  coupler  system.  It  iso 
lates  the  coupler  from  the  silver  halides, 
makes  it  immobile,  and  yet  the  coupler  is 


available  for  reaction  with  the  oxidation 
products  of  development. 

Chemical  Dye  Destruction.  This  method 
of  colorant  image  formation  is  based  upon 
the  chemical  destruction  of  a  dye  present 
in  the  emulsion  layer.  The  destruction  of 
the  dye  may  be  made  to  take  place  either 
in  the  presence  of  a  developed  silver  image 
or  in  areas  without  a  silver  image.  In 
either  case,  the  silver  image  is  the  agency 
that  controls  the  position  of  the  dye  image 
remaining  in  the  film  after  chemical  treat 
ment. 

Schinzel,8  in  1905,  proposed  to  coat  an 
integral  tripack  with  three  silver  halide 
emulsions  which  contained  dyes  of  hues 
complementary  to  the  emulsions'  spectral 
sensitivities.  After  development  and  fix 
ation,  the  pack  was  treated  with  a  dilute 
solution  of  hydrogen  peroxide  which  was 
to  destroy  or  bleach  the  dye  in  the  presence 
of  the  silver  image.  After  the  removal  of 
the  silver  image  a  positive  image  would 
remain  in  each  emulsion  layer.  Christen- 
sen  9  discovered  that  finely  divided  silver 
(in  the  form  of  the  silver  image)  acted  as 
a  catalyst  in  the  destruction  of  certain 
types  of  dye.  Dyes  which  were  attacked 
either  slightly  or  not  at  all  in  the  absence 
of  silver  were  readily  attacked  in  the  pres 
ence  of  silver.  Christensen  proposed  the 
use  of  reducing  agents  for  attacking  the 
dyes  and  suggested  sodium  hydrosulfite. 
The  "same  result  was  obtained  by  Luther 
and  Holleben  10  who  chemically  converted 


s  Schinzel,  Brit.  J.  Phot.  52,  608   (1905). 
9  Christensen,  Eder's  Jahrluch  29,  164  (1920) ; 
Brit.  J.  Phot.  68,  96  (1921). 
loD.R.P.   396,485. 

FRIEDMAN,  History  of  Color  Photography,  Chs. 
10  and  11  (1944). 

SCHNEIDER,  FROHLICH,  AND  SOHULZE,  Die 
Chemie  57,  113  (1944). 

MEES,  The  Theory  of  The  Photographic  Proc 
ess,  Ch.  14,  2nd  Edition,  The  Macmillan 
Co.,  New  York,  1954. 
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the  silver  image  into  substances  which  di 
rectly,  or  by  treatment  with  another  re 
agent,  destroyed  the  dye.  They  suggested 
vanadium  ferricyanide  and  chromic  acid 
among  other  reagents. 

Suitable  dyes  can  be  destroyed  in  the 
presence  of  silver  by  such  solutions  as  a 
mixture  of  a  thiocyanate  and  citric  acid. 
The  inverse  process,  the  elimination  of 
suitable  dyes  in  areas  not  containing  the 
silver  image,  can  be  accomplished  in  solu 
tions  such  as  calcium  hypochlorite  and 
acetic  acid.  Dye  destruction  procedures 
have  not  been  commercially  successful  as 
color  analysis  materials  because  of  their 
low  speed. 

Many  contributions  to  dye  destruction 
technology  were  made  by  Gaspar,  and 
multilayer  printing  materials  bearing  his 
name  have  been  commercially  available 
during  the  last  twenty-five  years  for  both 
motion  picture  and  still  photography. 
Gasparcolor  cine  film,  used  in  Great 
Britain  as  a  release  printing  stock  before 
World  War  II,  was  a  two-sided  integral 
tripaek  printed  by  exposure  to  three  black- 
and-white  separation  positives.  One  side 
of  the  tripaek  carried  a  yellow-dyed  red 
sensitive  emulsion  over  which  was  coated 
a  magenta-dyed  blue  sensitive  emulsion. 


BLUE  SENSITIVE  EMULSION  CONTAINING  MAGENTA  DYE 

TT1 

RED  SENSITIVE  EMULSION  CONTAINING  YELLOW  DYE 

Ill  1 

BLUE  SENSITIVE  EMULSION  CONTAINING  CYAN  DYE 

PIG.  33.3.    Gaspar  Cine  Film  structure. 

The  third  emulsion,  on  the  other  side  of  the 
base,  was  dyed  cyan  and  was  blue  sensi 
tive.  The  colors  of  the  dyed  emulsions 
were  the  normal  subtraetive  printing 
colors  with  the  emulsion  sensitivities  being 
arranged  so  that  each  might  be  exposed  to 
the  proper  separation  positive  without 
having  any  effect  on  the  other  two  coatings 
(see  Fig.  33.3).  The  yellow-dyed  red  sen 
sitive  emulsion,  for  example,  was  exposed 


by  red  light  from  the  black-and-white  posi 
tive  obtained  from  the  blue  separation 
negative.  The  exposure  was  made  through 
the  magenta-dyed  emulsion  which  passed 
red  light  freely  and  yet  was  insensitive  to 
red.  In  a  similar  manner,  the  other  emul 
sions  were  exposed  to  the  proper  separa 
tion  positives  by  blue  light  from  opposite 
sides  of  the  tripaek. 

Gasparcolor  printing  material  for  ob 
taining  reflection  prints  from  positive  color 
transparencies  was  manufactured  in  the 
United  States  during  World  War  II.  It 
was  a  normal  monopack  with  the  three 
emulsions  one  above  the  other  on  one  side 
of  a  white  film  support.  Each  emulsion 
contained  one  of  the  subtraetive  dyes  and 
the  material  therefore  appeared  black  be 
fore  processing.  After  normal  develop 
ment  to  obtain  silver  negative  images,  the 
dyes  in  contact  with  the  silver  were  de 
stroyed  by  chemical  treatment,  leaving 
three  positive  colorant  images. 

Dye  Bleaching  (Light),  Materials  for 
obtaining  a  color  reproduction  by  dye 
bleaching  through  the  action  of  visible 
light  (page  466)  have  been  prepared  as 
monopacks.  Although  not  usually  consid 
ered  as  monopacks,  the  three  dyes  of  the 
system  can  be  coated  one  above  the  other. 
Each  dye  can  be  carried  in  the  same 
medium,  or  different  materials  such  as  gel 
atin  and  collodion  can  be  used.  It  is  also 
possible  to  mix  the  three  dyes  together 
and  coat  the  mixture  in  a  single  layer. 

General  Characteristics  of  Reversal 
Films,  Currently  available  reversal  multi 
layer  color  films  obtain  their  colorant  im 
ages  by  dye  coupling  development.  The 
nature  of  the  reversal  process  and  the  sen 
sitivity  of  such  camera  films  to  a  variety 
of  factors,  both  during  and  after  manufac- 

FRIEDMAN,  History  of  Color  Photography,  Ch. 
24,  American  Photographic  Publishing  Co., 
Boston,  1944. 
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ture,  make  it  essential  that  certain  require 
ments  be  satisfied  when  these  films  are 
used  if  optimum  color  reproduction  is  to 
be  obtained.  The  last  twenty-five  years 
have  witnessed  phenomenal  improvements 
in  speed,  color  reproduction,  and  definition 
in  these  complex  multilayer  films,  but  their 
capabilities  are  wasted  if  not  used  with 
reasonable  care.  Proper  exposure  with 
the  correct  light  quality  is  essential.  Other 
factors,  however,  such  as  the  duration  of 
the  exposure,  film  keeping  before  exposure, 
latent  image  keeping,  processing,  and  the 
transparency  viewing  conditions  can  all 
significantly  affect  the  color  and  photo 
graphic  quality. 

Aging  Effect  on  Color  Films.  Manufac 
turers  of  multilayer  color  transparency 
materials  design  their  films  so  that  the 
best  possible  results  will  be  obtainable  at 
the  time  of  exposure  and  processing.  This 
involves  making  some  assumptions  on  the 
average  time  interval  between  manufac 
turing  and  exposure  and  between  exposure 
and  processing.  Color  film  emulsions,  like 
black-and-white  film  emulsions,  are  perish 
able  in  the  sense  that  their  photographic 
characteristics  change  slowly  with  age. 
Like  perishable  foods,  the  emulsions  are 
affected  by  high  temperatures  or  prolonged 
storage.  Changes  of  this  type  are  gen 
erally  more  serious  with  multilayer  color 
films  than  with  black-and-white  films  be 
cause  of  the  likelihood  that  each  of  the 
three  emulsions  will  react  slightly  differ 
ently  as  it  ages.  The  result  of  emulsion 
aging  is  generally  more  apparent  visually 
in  a  color  picture  than  it  is  in  a  neutral 
image. 

Color  film  packages  carry  expiration 
dates  that  are  based  on  the  assumption 
that  the  film  will  be  subject  to  normal 
keeping  conditions.  These  " normal"  con 
ditions  to  which  the  film  might  be  sub 
jected  are  based  on  experience  in  how  that 
particular  type  of  film  is  ordinarily  used. 


If  the  keeping  conditions  are  poorer  than 
normal,  the  film  may  be  unsatisfactory  be 
fore  the  expiration  date  is  reached.  If 
the  film  is  stored  under  conditions  where 
changes  due  to  aging  would  be  retarded 
(film  stored  at  0°C.,  for  example)  the  film 
would  not  exhibit  the  usual  effect  of  stor 
age  time  between  manufacture  and  use. 
The  possibility  of  retarding  the  changes  in 
film  characteristics  that  normally  occur 
over  the  expected  life  of  the  film  may  be 
very  useful  to  the  individual  photographer. 
If,  for  example,  it  is  found  by  tests  that 
exactly  the  results  desired  are  obtained 
with  a  particular  color  film  emulsion  under 
the  conditions  of  use,  storage  of  other  films 
of  the  same  emulsion  under  optimum  con 
ditions  will  retard  any  changes  in  the 
film  characteristics  for  a  considerable 
period  of  time. 

Both  high  temperature  and  high  relative 
humidity  increase  the  rate  of  change  in 
color  films  compared  to  the  change  ex 
pected  under  normal  keeping  conditions. 
Subjecting  the  latent  image  of  film  to  high 
temperatures  and/or  high  relative  humid 
ity  after  exposure  and  before  processing 
is  more  apt  to  cause  undesirable  changes 
than  the  same  conditions  would  cause  in 
unexposed  film. 

Film  Tolerances.  The  characteristics  of 
a  given  reversal  color  film,  such  as  color 
reproduction,  photographic  gradation,  etc., 
are  established  by  the  relation  between  the 
requirements  of  the  users  of  the  material 
and  the  limitations  of  manufacture.  It  is 
important,  for  example,  that  reasonable 
color  reproduction  be  obtained  of  common 
subjects,  such  as  green  grass,  blue  sky, 
flesh  tones,  etc.,  whereas  the  ability  to 
reproduce  satisfactorily  an  unusual  fabric 
dye  is  not  essential,  even  though  desirable. 
With  a  given  set  of  three  subtractive  color 
ants  (determined  by  a  large  variety  of 
factors  such  as  coupler  characteristics, 
compatibility,  dye  stability,  etc.)  forming 
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the  final  image,  it  is  not  possible  to  repro 
duce  everything  that  might  be  photo- 
graphed  to  the  complete  satisfaction  of  the 
user.  "When  the  capabilities  of  a  reversal 
color  film  are  established  and  the  aim  for 
color  balance,  film  speed,  etc.,  determined, 
the  manufactured  product  should  adhere 
closely  to  the  established  specifications. 
However,  it  is  not  possible  to  manufacture 
all  production  coatings  of  a  single  product 
so  that  they  are  exactly  alike  and  match 
the  aim.  The  variations  from  these  aims 
that  are  considered  acceptable  constitute 
the  film  tolerances  and  must  be  established 
by  the  manufacturer. 

The  Eastman  Kodak  Company  in  the 
manufacture  of  Kodak  Ektachrome  Film 
(Process  E-3),  for  example,  only  releases 
those  films  which  are  correctable  to  the 
rated  film  speed  by  an  adjustment  of  the 
taking  lens  aperture  of  no  greater  than  1/2 
stop.  Assuming  normal  keeping  condi 
tions  and  processing,  the  photographer 
thus  has  assurance  that  his  film  will  be 
within  1/2  stop  of  the  published  speed. 
Some  emulsion  numbers  may  be  as  much 
as  1/2  stop  fast,  others  1/2  stop  slow,  but 
the  average  of  all  films  released  will  cluster 
around  the  rated  speed. 

Color  balance  also  varies  from  coating 
to  coating  and  a  series  of  films  can  only 
cluster  around  the  color  balance  aim.  In 
the  case  of  Kodak  Ektachrome  Film 
(Process  E-3),  these  color  balance  varia 
tions  on  released  coatings  are  stated  to  be 
no  greater  than  the  average  color  shift  that 
can  be  obtained  by  the  use  of  one  of  the 
CC10  Kodak  Color  Compensating  Filters 
over  the  camera  lens  (red,  green,  blue, 
cyan,  magenta,  or  yellow  filters  with  a 
density  of  0.10  when  measured  in  light  of 
the  complementary  color  to  the  filter), 
Fig.  33.4.  Here,  as  with  film  speed,  when- 

KODAK    COLOR    DATA    Booz,    "Kodak    Color 
Films";  section  on  "Critical  Use." 


FIG.  33.4.  Magnitude  of  color  shift  obtained 
with  a  reversal  color  film  by  the  use  of  a  series 
of  CC  10  filters.  Film  color  balance  assumed 
to  be  at  0.  Color  change  is  not  identical  for 
each  CC  filter,  yellow  and  red  filters  giving 
the  largest  change  of  color  balance. 

ever  the  highest  quality  results  are  re 
quired  the  color  balance  and  speed  should 
be  established  by  trial  exposures,  thereby 
taking  into  account  the  small  variations 
due  to  film  manufacturing  tolerances, 
keeping  factors,  processing  conditions,  and 
user  .preferences. 

Exposure.  In  a  positive  color  trans 
parency  the  criterion  for  the  best  exposure 
is  generally  the  density  and  color  repro 
duction  of  the  highlights  and  middle  tones 
of  the  subject.  The  range  of  exposure  over 
which  satisfactory  results  are  obtained  is 
quite  small  with  a  reversal  material.  Vari 
ations  of  one  stop,  or  even  1/2  stop,  from 
the  best  single  exposure  for  the  subject 
causes  noticeable  quality  losses.  Individ 
ual  differences  in  making  exposure  deter 
minations,  variations  among  light  meas 
uring  instruments,  transmission  and  aper 
ture  marking  differences  among  lenses,  and 
variations  in  shutter  speeds  are  the  chief 
factors  that  make  a  photographic  test  de 
sirable  when  using  materials  of  such  lim 
ited  exposure  latitude. 

Exposure  tables  for  outdoor  lighting 
conditions  are  very  successful.  With  arti- 


FIG.  33.5.     Visual  comparison  of  reference  standard  strip  and  processed  control  strip. 
Measurement  of  color  densities  and  plotting-  results  graphically  allows  analysis  of  process 
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ficial  light  or  when  light  conditions  are 
abnormal,  a  reflected  or  incident  light 
measuring  meter  is  essential  for  establish 
ing  the  correct  exposure. 

Most  modern  color  transparency  mate 
rials  reproduce  shadow  colors  well  if  their 
illumination  is  not  less  than  1/3  to  1/4  of 
the  intensity  of  the  key  lighting.  This 
results  in  the  successful  exposure  rule  for 
reversal  color  transparency  materials  of 
"exposing  for  the  highlights  and  lighting 
the  shadows  adequately  to  obtain  satis 
factory  color  and  gradation.7' 

Reciprocity  Effect.  The  failure  of  the 
reciprocity  law  affects  multilayer  color  film 
emulsions  in  the  same  way  as  emulsions  de 
signed  for  monochromatic  images.  The 
visual  effect,  however,  is  much  more  ap 
parent  since  three  emulsions  are  involved 
and  the  reciprocity  effect  is  usually  not 
identical  with  each  of  these  emulsions. 
As  the  exposure  time  or  light  intensity  is 
varied  over  a  wide  range,  there  is  the  usual 
change  in  effective  film  speed  and  minor 
changes  of  contrast  that  occur  in  black- 
and-white  photography,  but  there  is  usu 
ally  in  addition  a  shift  in  color  balance  due 
to  differences  in  the  reciprocity  effect  in 
each  of  the  three  emulsions  involved.  As 
suming  a  constant  light  quality,  such  as 
3200 °K.  tungsten  lamps,  a  speed  adjust 
ment  equivalent  to  one  or  two  lens  aper 
ture  stops  and  a  color  shift  equivalent  to 
a  CC20  filter  is  not  unusual  when  changing 
exposure  time  from  1/2  sec.  to  60  sec. 
Each  color  sheet  film  is  designed  for  use 
in  an  exposure  range  that  has  been  found 
to  be  typical  for  that  type  film.  Average 
exposure  times  often  cluster  around  1/50 
sec.  for  daylight  type  reversal  color  films. 
For  color  sheet  films  designed  for  use  with 
tungsten  illumination,  one  sec.  is  a  common 
exposure  time.  With  significantly  differ 
ent  times,  both  speed  and  color  balance 
adjustments  are  often  required.  "With 
films  for  professional  use,  information  is 


usually  supplied  with  each  emulsion  num 
ber  by  the  manufacturer  indicating  what 
adjustments  are  required  at  exposures 
quite  different  from  the  normal  exposure 
time.  The  corrections  for  reciprocity  ef 
fect  are  not  constant  from  one  emulsion 
batch  to  another,  although  they  often  fol 
low  the  same  general  pattern.  Color  films 
of  different  manufacturers  are  usually 
quite  different  in  their  response  to  the 
reciprocity  effect  because  of  inherent  emul 
sion  characteristics. 

When  changing  the  light  source  (color 
quality)  used  in  taking  pictures  with  a 
given  type  film — such  as  changing  from 
daylight  to  electronic  flash  with  a  "day 
light  type'7  film,  or  changing  from  tung 
sten  light  to  fluorescent  light — a  color  cor 
rection  filter  is  usually  required  because 
of  the  differences  in  energy  distribution  of 
the  light  sources.  Since  there  is  often  a 
considerable  change  in  the  exposure  time 
required  with  different  light  sources,  there 
may  be  need  for  an  additional  correction 
due  to  the  reciprocity  effect.  A  published 
filter  recommendation  for  a  particular 
color  film-light  source  combination  usually 
takes  into  account  both  light  quality  and 
the  reciprocity  effect  of  that  film.  The 
same  filter  may  not  be  satisfactory  with 
a  second  color  film  balanced  for  the  same 
original  light  source  because  of  different 
reciprocity  characteristics  of  the  second 
film. 

Processing.  Multilayer  reversal  color 
films  are  designed  for  processing  in  the 
recommended  chemicals  under  predeter 
mined  conditions  of  time,  temperature,  and 
agitation.  Any  variations  in  processing 
tend  to  shift  both  speed  and  color  repro 
duction  characteristics  in  a  manner  much 
more  complicated  than  the  relatively 
simple  gamma  and  speed  shifts  that  are 
the  result  of  changes  in  the  processing 
of  a  black-and-white  film.  In  a  reversal 
color  film,  the  solutions  and  processing 
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conditions  are  chosen  to  give  the  desired 
characteristic  curve  for  each  of  the  three 
color  records.  This  is  the  condition  when 
the  best  average  color  reproduction  and 
photographic  gradation  is  obtained  with 
that  particular  film's  combination  of  emul 
sions,  colorants,  etc.  Any  change  from  the 
recommended  solutions  or  processing  pro 
cedures  results  in  different  reproduction 
characteristics.  These  new  characteristics 
of  speed,  color  balance,  and  photographic 
gradation  may  not  be  acceptable.  When 
some  departure  from  standard  processing 
occurs,  intentional  or  not,  and  it  results 
in  a  set  of  characteristics  that  is  considered 
satisfactory  by  the  user,  there  is  no  assur 
ance  that  another  film  of  the  same  type 
will  react  identically  to  the  same  non- 
standard  processing. 

Unsatisfactory  processing  resulting  from 
incorrect  solutions,  processing  times,  tem 
peratures,  or  agitation,  can  lead  to  color 
or  photographic  gradation  changes  that 
are  much  larger  than  those  allowed  by  the 
manufacturing  tolerances  discussed  on 
page  453.  Uniform,  consistent  results  are 
obtainable  only  with  strict  adherence  to 
processing  instructions.  In  large  process 
ing  operations,  chemical  solution  replenish 
ment  along  with  the  use  of  process  control 
strips  (Fig.  33.5)  and  the  intelligent  use 
of  process  control  procedures,  make  it  pos 
sible  to  maintain  a  consistent  result.  In 
the  manufacture  of  multilayer  color  films, 
it  is  impossible  to  make  each  successive 
coating  batch  exactly  alike  and  release 
tolerances  have  been  established.  Simi 
larly  in  the  control  of  color  processing,  an 
identical  result  is  not  obtainable  with  each 
process  and  processing  tolerances  are  es 
tablished  to  keep  the  departures  from  nor 
mal  processing  within  acceptable  limits. 

A    reference    standard    for    judging    or 

GLASS   AND    COGAN,    Phot.    Sci.    Tech.    3,    #4 
(1956). 


measuring  the  acceptability  of  processing 
can  best  be  obtained  by  using  carefully 
controlled  exposures  on  the  same  type  of 
film  that  is  to  be  processed.  Because  of 
the  complicated  interaction  between  films 
and  processing  solutions,  reliance  cannot 
always  be  placed  on  control  data  obtained 
with  sensitized  material  of  a  different 
type,  even  though  processed  in  the  same 
solutions.  Changes  in  color  control  mate 
rials  due  to  latent  image  keeping  must  be 
eliminated  by  stabilization  and  an  opti 
mum  storage  after  exposure,  or  maintained 
at  the  same  level  by  a  fixed  time  interval 
and  keeping  conditions  between  exposure 
and  processing. 

Any  method  that  can  be  exactly  dupli 
cated  can  be  used  to  expose  the  color 
material  used  for  control  purposes.  The 
exposure  may  be  made  in  a  sensitometer  to 
any  suitable  step  tablet,  in  a  printing 
frame  or  be  exposed  in  a  camera  to  a 
standard  scene  or  reference  object.  One 
exposed  film  or  paper  is  processed  in  a 
process  known  to  be  "standard"  or  "on 
aim.77  This  is  the  reference  standard. 
The  other  unprocessed  exposed  samples  are 
kept  for  subsequent  use  in  process  con 
trol.  An  approximate  idea  of  the  process 
acceptability  can  sometimes  be  obtained 
by  a  visual  comparison  of  the  reference 
standard  and  the  control  material.  More 
useful  information  is  obtainable  by  meas 
uring  density  differences  between  the 
reference  standard  and  the  process  control 
film.  These  differences  may  be  recorded 
graphically  (Fig.  33.6).  The  densities 
measured  can  be  individual  color  patches, 
neutrals,  or  any  other  useful  areas.  Sev 
eral  different  densities  of  a  neutral  scale 
are  most  often  measured.  Perfect  process 
ing  control  would  be  shown  as  zero  density 
differences  between  the  reference  and  the 
control  strip.  Such  results  are  never  at 
tained  in  practice,  except  for  an  isolated 
process,  and  the  established  processing 
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PIG.  33.6.  Section  of  typical  process  control  plot.  Tricolor  densities  of  one 
step  of  reference  control  strip  listed  at  left.  Differences  in  color  densities  for 
same  step  of  processed  strips  are  plotted.  Vertical  separation  of  points  for 
any  one  process  indicates  departure  from  color  balance;  horizontal  dashed  lines 
show  limits  for  speed  variations. 


tolerances  indicate  what  process  depar 
tures  from  this  ideal  are  acceptable  and 
indicate  when  corrective  action  is  required 
to  keep  a  process  "in  control." 

Normal  Variations.  As  indicated  on 
page  453,  there  are  many  factors  that  con 
trol  the  color  and  photographic  quality 
exhibited  in  the  processed  reversal  multi 
layer  color  film.  Besides  the  inherent 
characteristics  of  the  color  material  itself, 
variations  due  to  manufacturing  toler 
ances,  exposure  conditions,  keeping  condi 
tions  both  before  and  after  exposure  and 
processing,  all  play  their  part.  When 
everything  involved  is  "on  aim77  or 
"standard"  the  final  result  will  be  the 
best  that  the  color  material  can  produce. 
It  is  possible  that  departures  from  aim  at 
one  stage  of  the  whole  chain  of  production 
will  be  exactly  balanced  at  another  stage, 
i.e.,  if  poor  keeping  which  a  color  film  was 
subjected  to  before  exposure  shifted  the 
color  balance  toward  green,  and  if  this 
film  was  developed  when  the  processing 
balance  was  off  aim  in  the  magenta  direc 
tion,  the  resulting  color  reproduction 
would  be  excellent.  In  this  case,  the  proc 
essing  control  would  indicate  the  desir 
ability  of  a  process  correction  toward  the 

KOERSTER,    J.    Soc.   Mot.    Pict.   Eng.    63,    225 
(1954). 


green  and  yet  the  picture  was  satisfactory. 
On  the  other  hand,  if  the  process  was  off 
aim  in  the  green  direction,  the  processed 
film  would  appear  very  unsatisfactory, 
worse  than  the  process  control  reference 
would  indicate.  Small  departures  from 
optimum  conditions  add  as  well  as  cancel, 
and  only  by  adhering  as  closely  as  possible 
to  recommended  practices  at  every  stage 
can  the  best  average  result  be  obtained. 

Representative  Multilayer  Reversal 
Camera  Films.  Although  there  are  dif 
ferences  in  color  reproduction,  photo 
graphic  gradation,  processing  procedures, 
etc.,  available  reversal  multilayer  films 
make  use  of  the  methods  of  color  formation 
listed  on  page  450.  The  following  products 
are  representative  of  available  materials. 
These  and  similar  products  are  used  in 
still  photography.  Comparable  films  de 
signed  specifically  for  motion  picture  pho 
tography  are  also  often  available. 

Kodachrome  Film.  This  film,  first  in 
troduced  in  1935,  represented  the  com 
bined  work  of  Mannes  and  Godowsky  and 
the  Eastman  Kodak  Company.11  Koda 
chrome  film  is  available  for  miniature  still 
cameras  and  also  for  8  and  16  mm.  motion 
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pictures.     The  emulsions  are  arranged  in 
the    usual    order    for    camera    multilayer 
films,    red   light    being    recorded   next   to 
the  film  support.    Green  is  recorded  in  the 
center  of  the  monopack.     The  top  blue- 
recording  emulsion  is  separated  from  the 
red-  and  green-recording  emulsions  by  a 
layer  of  yellow  colloidal  silver  that  pre 
vents  blue  light  from   reaching  any  but 
the  top   blue-recording  layer.     After   ex 
posure,  the  film  is  processed  in  a  normal 
developer  to  give  silver  negative  images  in 
each  emulsion  layer.     The  color  sensitivi 
ties  of  the  different  emulsions  are  retained 
during  this  stage  of  the  processing,  so  the 
remaining  halides  are  still  sensitive  to  the 
same  limited  colors  as  before  development. 
After  first   development  is   complete,   the 
film  is  washed  to  remove  the  developer, 
exposed  to  red  light  through  the  film  base, 
and  developed  in  a  dye  coupling  developer 
containing  a  color  former  or   coupler  to 
yield  a  positive  cyan   dye  along  with  a 
silver  positive  image.    Because  of  the  lack 
of  red  sensitivity  of  the  upper  emulsions, 
this  exposure  is  effective  only  in  the  red- 
recording  layer  next  to  the  film  support. 
The  film  is  then  exposed  to  blue  light  from 
the  top  and  developed  in  a  different  dye 
coupling  developer  capable  of  yielding  a 
silver  positive  and  yellow  dye  image  in 
the  blue  recording  emulsion.     The  yellow 
interlayer   prevents   the   blue   light   from 
reaching  the  center  emulsion.    A  magenta 
positive    image    is   then    obtained   in   the 
center  of  the  monopack  by  the  employ 
ment  of  a  dye  coupling  developer  after 
fogging.    A  final  bleaching  of  all  the  silver 
(both  negative  and  positive  silver  images 
and   the  yellow  filter   layer)    in  the   film 
leaves  three  positive  dye  images. 

Kodachrome  Film  was  originally  proc 
essed  by  means  of  the  controlled  penetra 
tion  of  bleaching  baths.  In  this  system, 
the  emulsion  sensitizers  did  not  remain 
effective  after  first  development.  The 
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processing  was  complicated  and  has  been 
replaced    by    the    differential   re-exposure  t 
method. 

Kodachrome  II  Film,  introduced  in 
1961,  is  similar  to  the  earlier  Kodachrome 
Film.  Film  manufacturing  improvements 
and  a  different  chemical  process,  based  on 
the  same  differential  exposure  procedures, 
has  resulted  in  an  increase  of  2£  times 
in  speed,  reduced  graininess,  and  improved 
image  sharpness  and  color  reproduction. 

Anscochrome  Films.  Anscochrome  re 
versal  camera  films  represent  improve 
ments  on  the  Ansco  Color  Films  intro 
duced  by  Ansco  in  1944.  These  films  are 
of  normal  multilayer  structure  with  the 
blue-recording  emulsion  on  top,  separated 
from  the  center  green-recording  emulsions 
by  a  blue-absorbing,  yellow  filter  inter- 
layer.  A  silver  antihalation  layer  sepa 
rates  the  red-recording  emulsion  from  the 
film  support.  Each  emulsion  contains 
couplers  on  color  formers  immobilized  by 
large  organic  groups.  After  development 
to  obtain  negative  silver  images  in  each 
emulsion  layer  and  the  required  reversal 
exposure,  the  film  is  treated  with  a  single 
color  developer  to  obtain  positive  silver 
and  dye  images  in  each  emulsion.  All  of 
the  silver  is  removed  by  bleaching  and 
fixation,  leaving  the  cyan,  magenta,  and 
yellow  dye  images.  The  processing  re 
quires  approximately  three  quarters  of  an 
hour  at  80°F. 

Three  Anscochrome  camera  films  de 
signed  for  different  applications  are  cur 
rently  available.  Anscoehrome  films  with 
a  speed  of  32/3.5°  in  daylight  and  25/3° 
in  tungsten  lighting  are  available  in  minia 
ture,  roll  and  sheet  form.  A  considerably 
faster  material  was  first  introduced  in  1957 
as  Super  Anscochrome.12  This  material 
manufactured  both  as  a  daylight  and  as 
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a  tungsten  type  has  a  speed  of  100/5°.  A 
third  type,  Anscochrome  6500  Sheet  Film 
introduced  in  1961,  is  designed  specifically 
for  electronic  flash  photography,  although 
it  can  also  be  used  with  daylight  where 
the  film  speed  is  100/5°.  All  of  these 
Anscochrome  films  are  processed  in  the 
same  solutions. 

Kodak  Ektachrome  Films.  These  are 
incorporated  coupler  reversal  films  in 
which  the  three  dye  images  are  formed 
simultaneously  in  a  single  color  develop 
ment.  Film  structure  is  normal  with  the 
red  sensitive  emulsion  next  to  the  support, 
blue-recording  emulsion  at  the  top,  sepa 
rated  from  the  center  green-recording 
emulsion  by  a  yellow  filter  layer.  The 
colorless  couplers  are  immobilized  and  pro 
tected  from  the  other  ingredients  of  the 
photographic  emulsions  by  being  sus 
pended  in  oily  globules  of  organic  mate 
rial.  This  material  is  finely  dispersed 
through  the  emulsions  before  coating.  The 
original  Ektachrome  Film  in  sheets  intro 
duced  in  1946  was  replaced  in  1959  with 
a  faster  material  with  improved  color  re 
production  and  definition.  Ektachrome 
Film  in  sheets  is  now  available  as  a  Day 
light  Type  (speed  50/4°)  and  a  Type  B 
(speed  32/3.5°)  designed  for  chemical 
Process  E-3.  Ektachrome  Film  in  minia 
ture  camera  and  roll-film  sizes  is  also 
available  designed  for  Process  E-2.  A 
much  faster  version  of  the  Ektachrome 
Film  type  is  manufactured  for  miniature 
and  roll  use  (High-Speed  Ektachrome, 
Daylight  or  Type  B)  or  as  motion  picture 
film13  (Ektachrome  EE  Film).  The  Day 
light  Type  speed  is  160/5.5°,  the  Type  B 
125/5°.  Normal  reversal  color  processing 
procedures  are  employed  with  all  these 
films.  Processing  requires  approximately 
one  hour  at  75 °F. 
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Agfacolor  Reversal  Films.  The  first 
multilayer  color  films  with  incorporated 
couplers  and  simultaneous  color  formation 
in  all  three  emulsions  by  dye  coupling  de 
velopment  was  introduced  in  Germany  in 
1936.  This  film  was  based  on  the  original 
work  of  Fischer  and  developed  by  Wil- 
manns  and  coworkers  at  the  Agfa  Research 
Laboratories  (see  page  449).  Originally 
a  35  mm.  film  for  obtaining  color  trans 
parencies,  the  current  improved  Agfa- 
chrome  Reversal  Films  are  available  for 
miniature,  roll,  and  sheet  film  cameras. 
The  film  structure  is  normal  for  multilayer 
camera  films  and  processing  is  by  reversal 
and  color  development. 

Other  Reversal  Films.  There  are  now 
a  large  number  of  multilayer  reversal  color 
films  manufactured  in  various  countries. 
Dye  coupling  development  is  the  standard 
method  of  color  formation.  A  few  films 
besides  Kodachrome  make  use  of  successive 
color  formation  with  the  couplers  in  the 
color  developers.  The  majority  of  re 
versal  films  use  incorporated  couplers  in 
the  emulsions  and  a  single  color  develop 
ment.  Most  of  these  films  immobilize  the 
couplers  in  a  manner  similar  to  that  em 
ployed  in  Agfacolor  and  Anscochrome. 

Reversal  Print  Materials.  Most  multi 
layer  materials  for  viewing  by  reflection 
are  similar  in  their  general  construction, 
methods  of  colorant  formation,  and  proc 
essing  to  reversal  camera  films.  These 
materials  are  mainly  used  for  contact  or 
projection  printing  from  positive  color 
transparencies.  They  can  also  be  used  in 
the  camera  for  direct  photography.  When 
used  in  the  camera,  a  prism  or  mirror  is 
ordinarily  used  before  the  lens  to  make 
maps,  drawings,  or  other  printed  material 
read  correctly.  Although  these  multilayer 
print  materials  are  quite  slow,  they  are 
adequate  for  most  copying  applications. 

Agfacolor— H.  Berger  (1950). 
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The  emulsions  for  reflection  materials 
are  coated  on  white  pigmented  film  or 
paper  supports  rather  than  transparent 
film  base.  Since  the  viewing  light  must 
pass  through  the  colorants  twice,  the  quan 
tity  of  image  colorants  required  to  obtain 
the  necessary  density  and  color  is  about 
half  that  required  with  a  transparency 
material.  The  stain  level  must  be  low  and 
near  neutral  for  the  material  to  be  accept 
able. 

Typical  reversal  print  materials  are 
Anseo  Printon,  Kodak  Ektachrome  Paper, 
and  Ilf aehrome  print  material.  Printon  is 
coated  on  a  white  pigmented  film  support 
and  has  the  normal  emulsion  arrangement. 
Couplers  and  method  of  color  formation 
are  like  those  used  with  Anscochrome  cam 
era  films  and  Printon  is  processed  in  a 
similar  manner.14  Ektachrome  Paper  is 
coated  on  a  white  paper  support  with  the 
blue-recording  emulsion  next  to  the  paper 
support,  red-recording  emulsion  on  top. 
The  presence  of  the  cyan  dye  in  the  upper 
surface  of  the  processed  print,  along  with 
the  emulsion  opalescence  when  wet,  makes 
a  normal  Ektachrome  Paper  print  appear 
slightly  bluish  until  it  is  dry.  Ilf  aehrome 
is  a  chemical  dye  destruction  type  mate 
rial  used  by  Ilford  in  obtaining  reflection 
prints  from  positive  transparencies. 

Reversal  Duplicating  Materials.  Multi 
layer  reversal  camera  films  are  sometimes 
used  for  making  duplicates  or  copies  of 
existing  color  transparencies.  Direct  du 
plicates  on  regular  camera  reversal  films 
of  the  original  transparencies  yield  repro 
ductions  of  excessive  contrast  and  usually 
unsatisfactory  color  quality.  To  obtain 
better  results,  tone  and  color  correction 
masks  (see  Chapter  34)  can  be  used  with 
the  original  transparency  when  copying  it. 
These  procedures  make  duplicates  expen 
sive.  A  simpler  method  is  to  use  a  reversal 
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multilayer  film  especially  designed  for  this 
purpose.  Copies  can  also  be  obtained  by 
making  an  internegative  (see  page  467) 
and  printing  this  color  negative  onto  a 
positive  transparency  material. 

Anscochrome  Duplicating  Film  and  Ek 
tachrome  Reversal  Print  Film  are  repre 
sentative  of  reversal  films  intended  for 
direct  copying  of  transparency  originals. 
Processing  and  color  formation  methods 
are  similar  to  those  used  with  the  com 
parable  Anscochrome  and  Ektachrome 
camera  films.  These  films  offer  a  simple 
means  of  obtaining  duplicate  transparen 
cies  since  their  characteristics  have  been 
established  to  give  the  best  possible  color 
and  tone  reproduction  obtainable  without 
the  use  of  tone  or  color  correction  masks 
with  the  original  transparency.  The  ade 
quacy  of  such  copies  is  dependent  on  the 
characteristics  of  the  original  transparency 
(gradation,  colors  present,  their  satura 
tion,  etc.)  and  the  requirements  of  the 
user.  A  close  match  to  the  tone  reproduc 
tion  and  most  colors  of  the  original  trans 
parency  should  not  be  expected  when  using 
this  method  of  preparing  duplicate  color 
transparencies. 

Characteristics  of  Multilayer  Color  Neg 
atives,  A  color  negative  is  like  a  black- 
and-white  negative  in  that  the  brightest 
parts  of  the  subject  are  recorded  as  the 
darkest  parts  of  the  developed  negative 
image.  A  relatively  low  brightness  sub 
ject  area  will  be  reproduced  as  nearly 
clear  film.  The  processed  negative  is  also 
colored  since  the  image  is  composed  of 
various  proportions  of  cyan,  magenta,  and 
yellow  colorants.  In  processed  color  nega 
tives  the  color  of  a  particular  area  is  ap 
proximately  complementary  to  the  color  of 
that  area  of  the  subject.  Only  one  de 
velopment  is  involved  in  the  processing 
(color  development).  A  red  area  of  the 
subject  recorded  on  the  red  sensitive  emul- 
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sion  will  be  developed  to  a  cyan  area  in 
the  negative  image. 

The  structure  of  multilayer  color  nega 
tives  and  the  method  of  obtaining  the 
colorant  images  are  essentially  the  same  as 
in  reversal  films.  Dye  coupling  develop 
ment  with  couplers  incorporated  in  the 
emulsions  has  been  the  preferred  method 
of  image  formation. 

Exposure  and  Exposure  Latitude.  Ac 
curate  exposure  is  as  desirable  with  color 
negatives  as  with  reversal  materials.  Most 
color  negative  materials  have  greater  ex 
posure  latitude  than  reversal  films.  Identi 
cal  reproductions  can  be  obtained  from 
most  color  negative  materials  when  the 
exposure  is  increased  or  decreased  from 
the  optimum  level.  For  example,  in 
Pig.  33.7,  a  subject  range  represented  by 
I-II  can  be  as  satisfactorily  recorded  be 
tween  A  and  A'  or  C  and  C',  as  between 
B  and  B'  on  the  negative  characteristic 


FIG.  33.7.    D  log  E  curves  of  a  tricolor  nega 
tive  illustrating  concept  of  available  exposure 
latitude. 


curves  and  equally  satisfactory  reproduc 
tions  would  be  obtainable  when  the  nega 
tive  is  printed.  The  exposure  latitude  is 
of  course  less  for  long  brightness  range 
subjects  than  for  subjects  of  shorter  scale. 
Exposure  adjustments  when  printing  the 
color  negatives  can  compensate  for  nega 
tive  exposure  differences  as  long  as  the 
subject  is  recorded  on  the  useful  portions 
of  the  characteristic  curves  of  each  color 
record  of  the  negative  material. 

The  brightness  range  that  can  be  ade 
quately  recorded  on  modern  color  nega 
tives  makes  them  less  critical  of  light  qual 
ity.  Although  a  reversal  material  must  be 
exposed  with  the  light  quality  for  which 
it  was  designed  (or  other  light  quality  suit 
ably  filtered  to  obtain  the  correct  light 
quality  at  the  film),  with  most  color  nega 
tive  films  some  variation  in  light  quality  is 
acceptable  and  can  be  compensated  for 
when  printing  the  negative.  The  charac 
teristic  curves  in  Fig.  33.8  represent  the 
blue-  and  red-recording  emulsions  of  a 
multilayer  color  negative.  With  a  light 
source  having  a  color  temperature  of  3800° 
K.  the  subject  might  be  recorded  between 
points  M  and  N,  while  with  a  light  source 
of  6000°K.  the  same  subject  would  be 
recorded  between  P  and  Q.  In  either  case, 
satisfactory  reproduction  would  be  obtain 
able  from  the  negative.  Such  flexibility 
in  the  use  of  color  negatives  is  very  con 
venient  in  amateur  color  photography. 
Automatic  color  printers  on  which  such 
negatives  are  printed  adjust  for  reason 
able  variations  in  both  exposure  level  and 
light  quality  used  in  exposing  the  nega 
tive.  In  professional  work,  filters  are  ordi 
narily  used  with  any  change  of  light  qual 
ity  from  that  for  which  the  negative  was 
designed.  By  the  use  of  color  compen 
sating  filters  the  subject  tones  can  be  re 
corded  on  the  central  portions  of  the  char 
acteristic  curves  of  each  of  the  three  color 
records  and  the  maximum  exposure  lati- 
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FIG.  33.8.  Exposure  with  a  light  different  in 
spectral  quality  from  that  for  which  color  nega 
tive  is  balanced  can  result  in  a  decrease  in 
available  exposure  latitude.  In  this  example, 
subject  would  record  in  approximately  the 
same  position  on  red  record  with  either  light 
source. 

tude  will  still  be  available.  Such  nega 
tives,  properly  filtered  for  each  light 
source,  will  also  require  approximately  the 
same  color  filtration  when  being  printed  on 
paper  or  film  to  obtain  the  positive  repro 
duction. 

Manufacturing  Tolerances.  Color  nega 
tive  materials  are  produced  within  essen 
tially  similar  tolerances  for  speed,  color 
balance,  curve  conformity,  etc.,  as  reversal 
films.  The  fact  that  two  materials  are 
always  involved  in  obtaining  the  final  re 
production  introduces  both  advantages. and 
disadvantages  compared  with  reversal 
films.  Speed  differences  among  various 
batches  of  the  same  type  of  color  film  are 
usually  well  within  the  exposure  latitude 
and  offer  no  difficulty  in  properly  record 


ing  the  subject.  Normal  color  balance 
variations  among  negatives  are  readily 
compensated  for  in  printing.  Any  desir 
able  density  and  color  balance  may  be 
obtained  by  suitable  exposure  and  color 
quality  adjustments  when  exposing  the 
positive  film  or  paper.  Camera  film  differ 
ences  can  thus  be  compensated  for  since 
the  available  adjustments  of  exposure  and 
color  balance  for  the  positive  are  com 
pletely  adequate  to  take  care  of  normal 
variations  in  both  negative  and  positive 
materials. 

On  the  other  hand,  if  some  type  of  proc 
essing,  or  manufacturing  variations  that 
are  within  acceptable  limits  by  themselves, 
occurs  at  both  negative  and  positive  stages 
of  the  reproduction  process,  the  combined 
effect  can  result  in  unsatisfactory  photo 
graphs.  For  example,  if  the  color  nega 
tive  is  slightly  higher  than  aim  for  green- 
record  contrast  (magenta  image)  but  still 
within  tolerances,  and  if  the  printing  ma 
terial  also  shows  high  green  contrast  due 
to  manufacturing,  keeping,  or  processing, 
the  resulting  multilayer  reproduction  may 
be  unsatisfactory  due  to  high  magenta 
image  contrast.  On  the  other  hand,  de 
parture  from  aim  characteristics  in  oppo 
site  directions  in  multilayer  negative  and 
positive  materials  or  processing  may  ex 
actly  compensate  for  each  other  to  give 
optimum  results.  When  multilayer  color 
negatives  are  printed  by  a  separable  rather 
than  a  multilayer  positive  process,  adjust 
ments  can  often  be  made  for  variations 
that  would  not  be  correctable  when  using 
multilayer  materials  for  both  stages  of  the 
reproduction  process. 

Color  Negative  Corrections.  Although 
the  visual  appearance  of  a  color  trans 
parency  is  the  criterion  of  its  acceptability, 
the  appearance  of  a  color  negative  is  of 
no  importance  as  long  as  a  good  color  re 
production  can  be  obtained  from  the  nega 
tive.  It  is  possible,  therefore,  to  incorpo- 
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rate  in  a  multilayer  color  negative  both 
tone  and  color  corrections  that  would  not 
be  acceptable  in  a  transparency.  Extra 
emulsion  layers  can  be  coated  during 
manufacture  to  obtain  positive  or  negative 
silver  masks,  or  special  means  for  forming 
dye  images  to  act  as  masks  can  be  em 
ployed.  These  techniques  may  shift  the 
colors  of  the  processed  negative  from  being 
complements  of  the  original  subject  colors 
and  the  gradation  may  be  distorted  in  any 
manner  which  will  yield  a  satisfactory 
final  reproduction  with  the  positive  print 
ing  process.  The  two  materials,  color  neg 
ative  and  color  positive,  are  thus  together 
parts  of  a  closely  interrelated  " system'' 
of  color  reproduction. 

Representative  Multilayer  Color  Nega 
tives.  There  are  very  noticeable  differences 
in  the  visual  appearance  of  the  processed 
color  negatives  obtained  with  different 
color  negative  films.  These  differences  are 
due  to  the  dyes  used  and  the  presence  or 
absence  of  color  corrections  incorporated 
in  the  films.  There  are  also  differences 
in  the  methods  of  use,  in  processing  proce 
dures,  and  in  the  color  reproduction  capa 
bilities  of  the  negatives.  Dye  coupling  de 
velopment  is  now  used  with  all  multilayer 
color  negatives  and  the  following  are  rep 
resentative  examples  of  such  negative  films. 

Kodacolor  Film.  This  film,  introduced 
in  1942  by  the  Eastman  Kodak  Company, 
is  an  integral  tripack  roll  film  material 
employing  dye  coupling  development  to  ob 
tain  a  color  negative.  The  emulsion  order 
is  that  generally  employed,  red-recording 
emulsion  next  to  the  film  base,  blue-record 
ing  emulsion  on  top.  The  coupling  agents 
are  of  the  protected  type,  discussed  under 
Kodak  Ektachrome  Films,  and  during  de 
velopment  form  cyan,  magenta,  and  yellow 
negative  dye  images  in  their  respective 
emulsion  layers. 

About  three  years  after  its  introduction, 
Kodacolor  Film  was  improved  by  the  addi 


tion  of  a  separate  blue  sensitive  emulsion 
between  the  yellow  filtering  layer  and  the 
green-recording  emulsion.  This  emulsion, 
used  to  make  a  mask,  was  not  affected  by 
the  original  camera  exposure  since  it  was 
under  the  yellow  filter  layer.  The  exposed 
film  was  first  developed  to  obtain  the  three 
negative  dye  images.  The  silver  halides 
remaining  in  these  three  emulsions  were 
then  removed  by  exposing  the  film  from 
the  top  by  blue  light  and  from  the  base 
side  by  yellow  light  and  then  developing 
in  a  normal  black-and-white  developer. 
Next,  all  the  silver  was  removed,  leaving 
the  three  negative  dye  images  and  the  un 
affected  layer  of  blue  sensitive  silver  halide 
in  the  mask  layer.  This  emulsion  was  then 
exposed  by  blue  or  white  light  from  the 
base  side  of  the  film  and  developed  to  give 
a  silver  image.  Since  this  emulsion  was 
blue  sensitive  and  was  exposed  through 
the  cyan  and  magenta  negative  dye  images, 
it  produced  a  positive  silver  image  (mask) 
whose  densities  were  controlled  by  the  un 
desirable  blue  absorptions  of  the  cyan  and 
magenta  dyes  (see  Chapter  34).  This  posi 
tive  silver  image  acted  as  a  color  correc 
tion  mask  and  kept  the  negative  contrast 
at  a  low  level  that  could  best  be  printed 
on  the  multilayer  paper.  The  addition 
of  this  silver  mask  led  to  considerably 
improved  color  and  tone  reproduction  in 
prints  made  from  Kodacolor  negatives. 
In  1949  this  single  silver  mask  system  was 
discarded  and  two  dye  images  substituted 
as  masks.  These  dye  masks  were  obtained 
by  using  colored  couplers  in  two  of  the 
emulsion  layers,  as  discussed  under  Ekta- 
color.  The  processed  film  contains  five  dye 
images.  Three  are  negative  images — cyan, 
magenta,  and  yellow.  The  two  mask 
images  are  reddish  and  yellow  positives 
located  in  the  red-  and  green-recording 
emulsion  layers.  Kodacolor  Film  is  now 
available  in  one  type  that  is  balanced  for 
exposure  with  clear  flash  lamps.  It  can 
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also  be  exposed  in  daylight  and  with 
other  suitable  light  sources  with  color- 
correction  niters. 

Kodak  Ektacolor  Film.  This  film  was 
introduced  in  1949  as  Kodak  Ektacolor 
Film,  Type  B,  a  sheet  film  balanced  for 
use  with  3200°K.  tungsten  lamps.  This 
color  negative  material  was  replaced  by 
Ektacolor  Film,  Type  S  (for  short  expo 
sure  times)  and  Ektacolor  Film,  Type  L 
(for  long  exposure  times).  The  Type  S 
film  can  be  used  with  a  number  of  light 
sources,  such  as  electronic  flash,  day 
light  and  photoflash  lamps.  Filters  are 
usually  used  with  sources  of  different  color 
quality  than  that  for  which  the  film  is 
designed.  Exposures  must  be  kept  short 
(not  over  ^  sec.)  to  avoid  reproduction 
difficulties  due  to  the  reciprocity  effect. 
The  Type  L  film  is  used  for  longer  ex 
posure  times  (^  to  60  sec.).  It  is  balanced 
for  3200°K.  tungsten  lamps  but  may  also 
be  used  with  suitable  filters  with  other 
light  sources.  The  emulsion  arrangement 
for  these  Ektacolor  negative  films  -is  that 
generally  employed,  with  the  red-record 
ing  emulsion  next  to  the  film  base  and  the 
blue-recording  emulsion  on  top  of  the 
monopack.  Each  emulsion  contains  a  pro 
tected  coupler  so  that  the  single  color 
development  in  Process  C-22  produces  the 
desired  cyan,  magenta,  and  yellow  nega 
tive  dye  images. 

Ektacolor  Film,  Type  B,  was  the  first 
material  available  containing  colored  cou 
plers.  In  previous  multilayer  transpar 
ency  or  negative  films  containing  couplers 
in  the  emulsions  to  obtain  the  required 
dye  images  by  color  development,  the  cou 
plers  were  colorless.  In  Ektacolor  Film 
the  usual  colorless  cyan-forming  coupler  is 
replaced  with  a  reddish  colored  coupler. 
When  the  emulsion  is  developed  this  cou 
pler  forms  a  cyan  dye  image.  Whatever 
unused  colored  coupler  remains  in  the 
emulsion  is  a  reddish  dye  image,  its 


strength  being  dependent  on  the  amount 
of  cyan  dye  formed — the  more  cyan  dye 
negative  image  formed,  the  less  red  will 
remain.  The  residual  colored  coupler 
will  therefore  be  a  reddish  positive  image. 
(The  same  effect  could  be  obtained  by 
using  a  combination  of  a  colorless  coupler 
to  form  the  cyan  negative  and  a  reddish 
colored  coupler  that  forms  a  colorless  im 
age  on  development.)  The  red  recording 
layer  of  the  film  finally  contains  two  dye 
images  after  color  development,  a  cyan 
negative  image  and  a  reddish  positive 
image.  The  reddish  positive  acts  as  a 
mask  when  the  color  negative  is  printed 
(Chapter  34). 

The  green-recording  emulsion  of  Ekta 
color  Film  contains  a  yellow  colored  cou 
pler.  After  color  development  this  emul 
sion  layer  contains  a  negative  magenta  dye 
image  and  a  positive  yellow  dye  image. 
The  blue-recording  emulsion  contains  the 
usual  colorless  coupler  and  it  forms  the 
negative  yellow  dye  image.  The  processed 
Ektacolor  negative  thus  contains  three 
negative  and  two  positive  dye  images.  The 
positive  red  and  yellow  mask  images  give 
an  over-all  orange  cast  to  the  processed 
Ektacolor  or  Kodacolor  negatives. 

Agfacolor  Negative  Films.  Agfacolor 
negative  film  was  introduced  as  a  35  mm. 
motion-picture  material  in  1939  and  as  a 
still  photography  material  in  1942.  Avail 
able  with  Agfacolor  Paper  in  1942,  it  made 
a  complete  negative-positive  system.  Col 
orless  incorporated  couplers  gave  the  re 
quired  cyan,  magenta,  and  yellow  nega 
tive  dye  images  after  color  development. 
Agfacolor  is  currently  available  in  two 
speeds  as  35  mm.  film  (CN14  and  CN17) 
and  as  a  roll  and  sheet  material. 

Ilfacolor  Negative.  Ilfacolor  negative 
film  introduced  in  1960  is  similar  to  the 
formerly  available  I.C.I,  negative.  The 
multilayer  film  is  processed  by  dye  cou 
pling  development  to  obtain  the  cyan,  ma- 
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genta,  and  yellow  negative  images.  A 
yellow-dye  positive  mask  image  is  formed 
during  processing  to  adjust  for  the  un 
wanted  absorption  of  the  magenta  dye. 

Other  Color  Negative  Materials.  A 
number  of  color  negative  films  are  now 
manufactured  that  were  originally  based 
on  the  early  Agfacolor  negative  material. 
A  few  of  these  negative  films  include  mask 
ing  images  and  most  of  them  are  designed 
for  a  particular  color  printing  paper. 

Characteristics  of  Color  Printing  Mate 
rials.  Multilayer  materials  for  -making 
color  positives  from  color  negatives  are 
available  coated  on  both  transparent  film 
supports  to  yield  color  transparencies,  or 
white  paper  supports  for  reflection  prints. 
Dye  coupling  development  is  employed 
with  colorless  couplers  incorporated  in  the 
emulsion  layers  to  obtain  the  required 
cyan,  magenta,  and  yellow  colorant  im 
ages.  The  spectral  range  recorded  by  each 
one  of  the  three  emulsions  is  somewhat 
restricted  compared  to  reversal  camera 
films.  In  a  color  printing  material  the 
three  emulsion  sensitivity  bands  do  not 
overlap  appreciably  so  that  effective  sepa 
ration  is  obtained  of  the  three  dye  images 
in  the  color  negative.  There  is  usually  a 
narrow  region  in  the  yellow  and  blue-green 
parts  of  the  spectrum  where  the  print 
material  sensitivity  is  relatively  low. 

Color  negatives  can  be  printed  on  these 
materials  by  means  of  a  single  white  light 
exposure  or  by  tricolor  exposures  (succes 
sive  or  simultaneous  red,  green,  and  blue 
light  exposures).  Each  print  material 
has  a  preferred  exposure  procedure,  and 
small  changes  in  image  contrast  and  color 
reproduction  occur  when  the  exposure 
method  is  altered.  Color  printing  mate 
rials  are  designed  for  use  with  a  specific 
negative  material,  even  though  acceptable 
results  may  be  obtained  by  printing  other 

Phot.  J.  100,  173  (1960). 


types  of  color  negatives.  The  three  sensi 
tivities  of  the  print  material  are  chosen 
to  best  record  the  particular  dyes  in  the 
preferred  color  negative,  and  the  contrast 
of  the  negative  and  positive  are  adjusted 
to  have  the  proper  relation  to  obtain  satis 
factory  tone  reproduction. 

With  white  light  printing,  the  relative 
exposure  given  to  each  emulsion  of  the 
print  material  is  controllable  by  the  use 
of  color  compensating  filters.  The  particu 
lar  filters  required  in  the  "printing  filter 
pack7'  are  determined  by  the  printer  light 
quality,  the  color  sensitivity  of  the  positive 
material,  and  the  characteristics  of  the 
color  negative.  With  tricolor  printing  the 
same  control  is  obtained  by  changes  in  the 
ratio  of  red,  green,  and  blue  exposures. 
Ultraviolet  energy  is  generally  removed 
from  the  printing  light  by  the  use  of  an 
absorbing  filter. 

Evaluation  of  Color  Negatives.  Deter 
mination  of  the  correct  exposure  and  color 
balance  required  for  making  color  positives 
from  multilayer  color  negatives  is  more 
complex  than  a  similar  determination  when 
printing  color  transparencies  on  a  reversal 
print  material.  In  a  reversal  to  reversal 
system,  satisfactory  exposure  and  color 
balance,  once  achieved,  will  tend  to  give 
prints  which  reproduce  the  color  and  den 
sity  characteristics  of  succeeding  trans 
parencies.  This  is  what  is  ordinarily  de 
sired.  When  printing  color  negatives,  the 
desired  reproduction  is  usually  obtainable 
from  a  variety  of  negatives  of  the  same 
subject  that  differ  considerably  in  density 
and  color.  Approximate  adjustments  must 
be  made  when  exposing  the  positives  to 
compensate  for  negative  differences.  Aside 
from  simple  trial  and  error,  printing  large 
quantities  of  color  negatives  satisfactorily 
necessitates  some  measurement  of  each 
negative's  color  densities.  Exposure  and 
color  adjustments  may  then  be  made  for 
negative  density  and  color  differences. 
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Each,  emulsion  of  the  color  print  mate 
rial  is  exposed  by  one  color  (red,  green,  or 
blue)  of  light  passing  through  the  nega 
tive.  This  is  true  whether  the  red,  green, 
and  blue  come  from  separate  sources  or 
exposures,  or  are  mixed  together,  as  with 
a  white  light  exposure.  It  is  therefore 
necessary  to  determine  the  red,  green,  and 
blue  densities  of  the  negative  as  "seen"  by 
the  color  sensitive  emulsions  of  the  print 
material.  This  can  be  done  by  visual  or 
electronic  densitometers.  An  area  of  the 
negative  corresponding  to  a  neutral  part 
of  the  subject  is  often  used  to  obtain  these 
densities.  Other  areas  can  also  be  used  if 
the  values  obtained  are  properly  inter 
preted.  Bather  than  establishing  printing 
conditions  from  the  measurement  of  a 
small  area,  the  densities  of  the  whole  nega 
tive  can  be  determined  by  suitable  integra 
tion  of  the  light.  Integrated  light  expo 
sure  determinations  have  their  greatest 
usefulness  in  volume  color  printing  where 
costs  must  be  held  to  a  minimum. 

However  the  color  density  characteris 
tics  of  the  negative  are  determined,  this 
information  is  applied  to  obtain  the  cor 
rect  exposure  for  each  emulsion  of  the 
color  print  material.  A  typical  color  nega 
tive  is  used  as  a  standard  and  the  densi 
ties  obtained  when  evaluating  other  nega 
tives  are  referred  to  the  standard  negative 
for  which  the  exposure  conditions  are 
known  that  produce  a  satisfactory  print. 
If  the  red,  green,  and  blue  densities  of  the 
negative  to  be  printed  are  the  same  as 
those  of  the  previously  printed  reference 
standard  negative,  the  new  negative  is 
given  the  same  exposure — if  different,  ad 
justments  for  density  and  color  balance 
are  made  on  the  basis  of  these  differences. 
Whenever  the  characteristics  of  the  emul 
sions  (color  sensitivity  ratio)  of  the  print- 

PIERONEK,  SYVERUD,  AND  VOGLESONG,  Phot.  Sci. 
and  Tech.  (P.S.A.  Tech.  Quarterly)  3, 
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ing  material  are  changed,  this  factor  must 
be  taken  into  account. 

Color  density  values  obtained  with  dif 
ferent  equipment  are  not  always  inter 
changeable.  The  densities  desired  are 
printing  densities  which  are  numerical  ex 
pressions  of  how  the  emulsions  of  the  print 
material  will  respond  to  the  negative. 
Most  available  negative  density  measuring 
instruments  give  density  values  that  are 
close  to  but  not  the  same  as  printing  densi 
ties.  Any  changes  in  the  receptor  used  in 
the  densitometers  (eye  or  photocell)  or  any 
changes  in  the  spectral  band  (filters)  used 
in  the  densitometers  may  alter  the  values 
obtained.  Values  obtained  with  one  piece 
of  equipment  are  thus  not  necessarily  the 
same  as  would  be  obtained  with  other 
densitometers  when  evaluating  the  same 
negative.  This  is  not  a  serious  difficulty, 
since  ordinarily  a  single  method  of  evalua 
tion  is  used  in  one  laboratory  and  the 
values  used  in  determining  printing  in 
formation  are  referred  to  other  values 
(from  standard  negatives)  obtained  with 
the  same  apparatus. 

The  evaluation  of  the  negatives  to  be 
printed  can  be  carried  out  away  from  the 
printing  operation  and  a  suitable  code  con 
taining  the  printing  information  can  ac 
company  the  negative  to  the  printer.  In 
printing  large  quantities  of  negatives  it  is 
generally  preferred  to  evaluate  the  nega 
tive  just  prior  to  printing  and  usually 
with  the  negative  in  the  printing  position. 
Either  small  area  measurements  or  inte 
grated  measurements  can  be  used  in  mak 
ing  the  density  evaluations. 

Automatic  Printing  of  Color  Negatives. 
To  produce  quantities  of  color  positives 
economically,  it  is  necessary  to  automate 
at  least  part  of  the  evaluation  of  the 
negatives.  This  is  done  electronically, 
measuring  the  red,  green,  and  blue  trans- 
mittances  of  the  negative  and  then,  on 
the  basis  of  these  measurements,  automati- 
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cally  adjusting  the  printing  conditions  to 
supply  the  positive  material  with  the  cor 
rect  amounts  of  red,  green,  and  blue  light 
to  make  the  exposure.  Total  negative 
transmittances  of  red,  green,  and  blue  are 
measured  rather  than  using  only  a  small 
area  of  the  negative.  Complex  and  ex 
pensive  apparatus  is  required  for  such 
photofinishing  applications  where  hun 
dreds  of  negatives  are  printed  per  hour. 
Apparatus  is  in  commercial  use  that  op 
erates  with  each  method  of  exposing  the 
paper  or  film — separate  exposures  by  red, 
green,  and  blue  light  or  the  use  of  sub- 
tractive  niters  in  a  beam  of  white  light. 

Most  volume  printing  is  based  on  the 
assumption  that  the  best  reproduction  is 
obtained  by  adjusting  density  and  color 
balance  so  that  a  new  negative  is  printed 
with  the  same  quality  and  quantity  of 
light  as  the  standard  negative.  It  is  also 
assumed  that  the  average  color  of  most 
scenes  is  neutral.  Volume  color  printing 
is  commercially  successful  when  these  as 
sumptions  are  accepted  and  color  nega 
tives  evaluated  and  printed  accordingly. 
To  obtain  a  higher  yield  of  acceptable  color 
positives  in  such  a  system,  controls  are 
built  in  so  that  the  printer  operator  can 
make  additional  adjustments  of  exposure 
or  color  balance  over  that  indicated  by  the 
negative  evaluation  system.  Negatives 
that  are  lighter  or  darker  than  normal 
(due  either  to  exposure  or  subject  matter) 
can  be  printed  with  less  or  more  than 
average  exposure.  Negatives  of  subjects 
in  which  the  average  color  is  far  from  the 
assumed  neutral  can  be  printed  with  an 
adjustment  of  color  balance  if  the  nega 
tives  are  recognized  as  being  different  from 
normal. 

Representative  Color  Positive  Materials. 
Kodak  Ektacolor  Paper  introduced  by 

BARTELSON  AND  HUBOI,  /.  Soc.  Mot.  Pict.  Eng. 
65,  205  (1956), 


Eastman  Kodak  Company  in  1955  is  a 
multilayer  material  designed  for  obtaining 
contact  or  enlarged  reflection  prints  from 
Kodacolor  or  Ektacolor  negatives.  The 
coating  order  for  the  emulsions  is  different 
from  camera  films  in  that  the  blue-record 
ing  emulsion  is  next  to  the  paper  base,  the 
green-recording  emulsion  in  the  center, 
and  the  red-recording  emulsion  on  top. 
Colorless  incorporated  couplers  yield  yel 
low,  magenta,  and  cyan  dyes  in  Kodak 
Process  P-122.  The  wet  print  is  slightly 
opalescent  and  appears  bluish  until  dry 
because  of  the  cyan  image  being  on  top. 
The  paper  has  a  relatively  high  blue  speed 
so  that  orange  color  negatives  (such  as 
Kodacolor  or  Ektacolor  negatives)  are 
readily  printed  by  tungsten  light. 

Kodak  Ektacolor  Print  and  Slide  Films 
are  similar  materials  for  making  large 
transparencies  or  slides  from  Kodacolor  or 
Ektacolor  negatives.  Both  contain  color 
less  incorporated  couplers  with  the  emul 
sions  arranged  in  the  usual  order. 

Agfacolor  Paper  is  an  incorporated  cou 
pler  paper  of  normal  structure  with  color 
less  incorporated  couplers.  Three  grades 
of  contrast  are  available  for  printing  from 
Agfacolor  negatives.  The  emulsion  speeds 
are  such  that  normal  color  balance  is  ob 
tained  without  heavy  filtration  of  white 
light  when  printing  negatives  without 
colored  couplers.  A  similar  material  on 
film  support  is  used  for  the  production  of 
positive  transparencies. 

Special  Multilayer  Materials.  Multi 
layer  materials  may  be  designed  for  other 
purposes  than  regular  camera  or  printing 
uses.  Two  such  materials  are  Internega- 
tive  Films  and  color  masking  films.  Very 
different  in  design,  purpose,  and  use,  they 
indicate  the  adaptability  of  multilayer 
materials. 

Ektacolor  Internegative  Film  is  de 
signed  for  obtaining  color  negatives  from 
color  transparencies  so  that  they  may  be 
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LOG  EXPOSURE 

FIG.  33.9.     Characteristic    curves    of    the    red 
record  of  Intel-negative  Film  and  camera  nega 
tive  film. 

printed  on  a  positive  type  color  paper  or 
film.  Like  Ektacolor  and  Kodacolor  Films, 
Ektacolor  Internegative  Film  contains  col 
ored  couplers  in  the  red-  and  green-record 
ing  emulsions  to  provide  color  corrections. 
The  gamma  of  the  film  is  lower  than  Ekta 
color  or  Kodacolor  camera  materials  and 
satisfactory  internegatives  are  thus  obtain 
able  without  additional  tone  correction  ad 
justment.  There  are  also  three  emulsions 
that  provide  an  increase  in  contrast  in 
what  would  normally  be  the  shoulder  of 
the  tricolor  characteristic  curves.  This 
provides  increased  highlight  tone  separa 
tion  equivalent  to  that  obtainable  with  the 


use  of  highlight  masks  (Fig.  33.9).  This 
film  may  also  be  used  in  the  camera  for 
copying  maps,  wash  drawings,  etc.,  where 
the  film's  highlight  tone  separation  is  ad 
vantageous. 

A  multilayer  masking  film  allows  the 
inclusion  of  several  different  color  correc 
tion  masks  in  a  single  film.15  Gevaert 
Multimask  Film  and  Kodak  Tri-Mask 
Films  contain,  when  processed,  relatively 
low  contrast  dye  images  that  supply  color 
corrections  for  the  major  unwanted  ab 
sorptions  of  the  three  colorants  used  in 
the  reproduction.  Intended  mainly  for 
use  where  photomechanical  reproductions 
are  to  be  made  from  color  transparencies 
or  reflection  copy,  the  contrasts  of  the  mul 
tilayer  masking  film  dye  layers  are  ad 
justed  to  obtain  an  approximately  neutral 
reproduction  of  the  gray  scale.  (Also  see 
Chapter  34). 

Another  application  of  multilayer  mate 
rials  is  in  so-called  "false  sensitized'7 
monopacks.  This  type  film  has  found  wide 
application  in  the  professional  motion  pic 
ture  field  where  intermediate  color  nega 
tives  or  positives  are  required.16 

is  Evans,  Hanson,  and  Brewer,  Principles  of 
Color  Photography,  567  (19fe3). 

16  Anderson,  Groet,  Horton  and  Zwick,  J.  Soc. 
Mot.  Pict.  Eng.  60,  217  (1953). 
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Color  Fidelity.  The  multitude  of  physi 
cal  and  chemical  requirements  that  must 
be  satisfied  in  order  to  produce  a  commer 
cially  acceptable  color  process  has  resulted 
in  available  processes  incorporating  a 
series  of  compromises.  These  compromises 
between  what  should  be  done  on  the  basis 
of  tricolor  photographic  theory  and  what 
can  be  done  in  practice  have  been  re 
markably  successful.  Practical  commer 
cial  three-color  processes  are  capable  of 
producing  very  acceptable  color  reproduc 
tions.  A  close  examination,  however, 
shows  that,  although  present  processes  can 
produce  pleasing  and  satisfactory  color 
pictures,  they  cannot  be  described  realis 
tically  as  "accurate"  reproductions  of  the 
subject  photographed. 

Optimum  color  reproduction  is  particu 
larly  desirable  when  photographing  sub 
jects  for  scientific  purposes,  such  as  a  clin 
ical  specimen,  or  the  reproduction  of  an 
art  object.  In  many  photographic  applica 
tions,  however,  facsimile  reproduction  is 
not  necessarily  desirable.  The  artistic  re 
quirements  for  the  presentation  of  some 
subjects  may  make  available  color  repro 
ductions  completely  satisfactory  or  even 
make  it  advisable  to  distort  the  color  or 
photographic  gradation  intentionally  to  ob 
tain  some  desired  effect.  There  is  also 
evidence  that  an  exact  visual  color  match 
is  not  always  so  acceptable  as  some  de 
partures  from  facsimile  reproduction.1 


iMacAdam,  J.  Soc.  Mot.  Pict.  Eng.  56,  487 
(1951).  Bartleson,  J.  Phot.  Sci.  #  Eng.  3,  114 
(1959).  Bartelson  and  Bray,  J.  Phot.  Sci.  $  Eng. 
6,  19  (1962). 


Colorimetry.  Any  investigation  into  the 
accuracy  of  color  reproduction  must  of 
necessity  make  use  of  some  standard  to 
which  the  results  may  be  referred.  The 
methods  involved  in  the  measurement  and 
specification  of  color  constitute  the  science 
of  colorimetry.2  The  basis  for  colorimetry 
is  that  most  colors  may  be  matched  visu 
ally  by  certain  mixtures  of  three  properly 
chosen  primary  colors.  The  primary  colors 
chosen  may  be  either  narrow — essentially 
monochromatic  regions  of  the  spectrum — 
or  rather  wide  bands  of  color:  in  either 
case,  some  combination  can  be  found  to 
match  the  unknown  color.  The  amounts 
of  three  specific  primary  colors  necessary 
to  match  an  unknown  color  are  called  its 
tristimulus  values.  The  tristimulus  values 
for  a  typical  tricolor  red  filter,  for  ex 
ample,  are  X  =  635,  Y  =  315,  Z  =  0.  A 
set  of  tristimulus  values  may  readily  be 
converted  mathematically  into  trichromatic 
coefficients,  or  coordinates,  which  are  use 
ful  in  showing  graphically  the  character 
istics  of  all  colors.  Two  of  the  trichro 
matic  coordinates  serve  to  determine  the 
location  of  any  color  on  a  chromaticity 
diagram.  These  two  coordinates,  along 
with  one  of  the  tristimulus  values,  serve  to 
specify  three  attributes  of  any  one  color 
in  relation  to  all  other  colors. 

In  the  chromaticity  diagram  of  Fig.  34.1, 
the  trichromatic  coordinates  of  a  set  of 
tricolor  separation  filters  have  been  plotted 
as  an  example.  The  curved  solid  line  rep- 


2  Hardy,  Hand'boo'k  of  Colorimetry,  The  Tech 
nology  Press  of  the  Massachusetts  Institute  of 
Technology,  Cambridge,  1948. 
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resents  the  locus  of  the  spectrum  colors, 
and  W  is  the  location  of  the  white  point 
on  the  diagram.  As  the  position  in  the 
chromatieity  diagram  of  any  color  moves 
from  the  vicinity  of  the  spectrum  locus 
toward  the  white  point,  the  color  becomes 
less  saturated.  Complementary  colors  are 
on  opposite  sides  of  the  white  point.  If 
the  three  niters  shown  in  Fig.  34.1  were 
used  for  an  additive  synthesis,  the  colors 
that  could  be  reproduced  would  be  those 
lying  within  the  triangle  formed  by  the 
niters  when  plotted  on  a  chromatieity  dia 
gram.  Although  this  triangle  does  not  in 
clude  all  colors,  the  range  is  sufficiently 
great  to  include  the  colors  of  most  subjects 
to  be  reproduced  by  color  photography. 

Trichromatic  coordinates  may  be  ob 
tained  by  calculation  from  the  results  of 
color  matches  made  in  a  colorimeter  or  by 
calculation  from  spectrophotometric  curves. 
The  chromatic  characteristics  of  any  sub 
ject  and  its  color  reproduction  can  thus  be 
plotted  and  the  results  of  changes  in 


FIG.  34.1. 


method  or  corrective  steps  in  a  color  proc 
ess  readily  visualized. 

Capabilities  of  Commercial  Color  Proc 
esses.  The  capability  of  any  particular 
three-color  process  is  determined  by  the 
spectral  sensitivities  of  the  analysis  sys 
tem,  by  the  colors  or  colorants  used  in  the 
synthesis,  and  by  the  photographic  repro 
duction  characteristics  of  the  entire  sys 
tem.  Each  process  has  its  own  limitations. 
One  process  may  reproduce  reds  more  sat 
isfactorily  than  a  second  process,  whereas 
the  second  process  may  give  more  pleasing 
greens.  Most  difficulties  encountered  in 
obtaining  satisfactory  color  reproduction 
when  using  a  modern  photographic  color 
process  are  due  more  to  temporary  vari 
ables  in  effect  at  the  time  the  particular 
material  is  used  (exposure  level,  emulsion 
characteristics,  processing,  etc.)  than  to 
any  basic  limitation  of  the  process  itself. 
If,  for  example,  poor  greens  are  obtained 
in  a  reversal  color  transparency,  this  might 
be  due  to  higher  than  normal  magenta 
image  contrast  or  lower  than  normal  cyan 
and  yellow  contrast.  It  can  also  be  due 
to  incorrect  speed  relations  between  the 
three  recording  emulsions.  Such  mis 
matched  colorant  reproduction  character 
istics  can  be  due  to  a  film  manufacturing 
difficulty,  unsatisfactory  pre-exposure  or 
latent  image  keeping  conditions,  or  some 
reciprocity  effect  at  the  time  of  exposure. 
A  color  bias  contributed  by  the  transmis 
sion  characteristics  of  the  photographic 
lens  may  also  be  a  factor.  When  modern 
tricolor  materials  are  manufactured  and 
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used  as  intended,  there  is  seldom  reason 
to  be  dissatisfied  with  their  capabilities  for 
producing  pleasing  color  reproductions. 
Even  when  the  best  available  quality  is 
obtained,  however,  three-color  photo 
graphic  processes  are  not  recommended  as 
a  means  of  specifying  color  or  for  use  as 
a  means  of  color  quality  control  in  the 
manufacture  of  other  colored  materials. 

Separable  synthesis  systems  offer  some 
advantages  over  multilayer  color  processes 
in  that  adjustments  are  possible  to  correct 
for  product  deficiencies  or  other  difficulties 
that  might  result  in  unsatisfactory  color 
reproduction.  Most  separable  synthesis 
systems  allow  individual  control  of  the 
density  and  contrast  of  each  colorant  im 
age,  which  is  not  feasible  in  multilayer 
materials.  This  possibility  of  the  control 
of  individual  colorant  images  makes  the 
separable  processes  advantageous  for  the 
professional  photographer  in  spite  of  their 
usually  higher  cost  of  production. 

Some  colors  cannot  be  reproduced  well 
with  any  commercial  three-color  processes. 
The  colors  of  the  spectrum,  for  example, 
are  beyond  the  gamut  of  colors  that  can 
be  obtained  by  any  mixture  of  the  color 
ants  used  in  subtractive  synthesis  or  the 
mixture  of  colored  lights  usually  used  in 
additive  synthesis.  A  few  commonly  pho 
tographed  subjects  will  also  be  reproduced 
poorly.  Although  a  three-color  process 
can  often  be  designed  to  obtain  better  re 
productions  of  these  subjects,  more  famil 
iar  subjects  such  as  blue  sky,  green  grass, 
flesh  tones,  etc.,  will  not  be  as  satisfactorily 
reproduced  as  is  now  accomplished  with 
available  processes.  To  be  commercially 
acceptable,  the  three-color  process  must 
reproduce  familiar  subjects  well  even 
though  some  few  less  common  colors  are 
not  well  reproduced.  For  example,  many 
subjects  contain  materials  which  fluoresce 
to  some  extent  and  which,  when  repro 
duced,  appear  quite  different  from  the 


>- 

1 1000 

c/5 


100 


UJ 


400 


o: 
FIG.  34.2. 


500 


600 


700  m\L 


Effective    spectral    sensitivities 
multilayer  camera  film. 


of 


originals  under  most  light  sources.  Other 
dyes  or  pigments  reflect  or  transmit  light 
strongly  near  the  limits  of  the  visible  spec 
trum  where  the  eye  is  relatively  insensitive 
and  yet  where  the  spectral  sensitivity  of 
the  red--  or  blue-recording  emulsions  may 
still  be  significant.  These  colors,  when  re 
produced,  are  also  often  quite  different 
from  the  original  colors.  Colored  mate 
rials  with  spectral  reflectance  or  transmis 
sion  curves  that  change  rapidly  in  density 
in  those  regions  where  the  spectral  sensi 
tivities  of  two  of  the  three  photographic 
records  overlap,  Fig.  34.2,  may  too,  when 
reproduced,  be  quite  different  from  such 
colors  as  they  appear  to  the  eye.  Fortu 
nately  the  great  majority  of  subjects  pho 
tographed  have  spectral  absorption  or 
emission  characteristics  that  allow  accept 
able  reproduction  by  modern  three-color 
processes. 

Transparency  and  Reflection  Print. 
Color  transparencies,  viewed  by  trans 
mitted  light,  have  two  significant  advan 
tages  over  color  reproductions  viewed  by 
reflected  light.  The  first  advantage  is  that 
the  range  of  tones  that  can  be  reproduced 
in  the  color  transparency  may  be  as  great 
as  1000  to  1.  Well-exposed  transparencies 
(color  or  black-and-white)  viewed  under 
the  best  conditions  on  an  illuminator,  thus 
show  good  gradation  in  both  the  deepest 
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shadows  and  in  the  delicate  highlights  of 
most  subjects  photographed.  A  print 
viewed  by  reflected  light  has  a  much 
shorter  range,  approximately  100  to  1. 
This  is  due  to  the  relatively  short  scale 
available  between  the  light  absorption  of 
the  blackest  tone  obtainable  in  the  print, 
a  density  generally  under  2.0,  and  the  in 
complete  reflectance  in  the  whites  of  the 
print.  A  satisfactory  color  print  of  neces 
sity  therefore  includes  compromises  to  ob 
tain  a  reproduction  that  appears  realistic 
of  the  tone  relations  and  colors  of  the  sub 
ject.  Highlights  and/or  shadow  gradation 
must  often  be  sacrificed  in  obtaining  the 
best  over-all  effect  in  the  print. 

The  second  advantage  of  transparencies 
is  that  the  presence  of  stain  in  the  whites 
of  the  picture  is  not  so  apparent  as  in  a 
picture  viewed  by  reflection.  Satisfactory 
reflection  prints  are  obtained  only  when 
the  stain  density  is  quite  low  and  as  near 
a  neutral  as  possible.  A  low  print  stain 
level  is  just  as  desirable  in  black-and-white 
pictures  as  in  color.  However,  the  black- 
and-white  print  stain  is  generally  neutral 
and  rarely  is  the  stain  of  sufficient  density 
to  be  noticeable.  Due  to  the  three  images 
involved  in  a  color  synthesis  and  the 
method  of  forming  the  colorant  images 
in  subtractive  systems,  noticeable  stain  is 
more  likely  to  be  present. 

When  viewing  a  transparency  most  of 
the  light  passes  through  the  film  only  once. 
A  certain  amount  of  highlight  stain  can 
be  tolerated,  especially  since  the  normal 
methods  of  viewing  a  transparency  result 
in  the  observer's  adaptation  to  the  light 
passing  through  the  clear  portions  of  the 
picture.  This  light,  unless  strongly  col 
ored,  appears  white  and  the  rest  of  the 
picture  is  judged  in  relation  to  these  high 
lights.  When  viewing  prints  the  observer 
is  adapted  to  the  general  illumination 
available  for  viewing,  and  the  print  mar 
gins  and  highlights  are  referred  to  this 


light  as  a  reference.  A  slight  color  in  the 
clear  areas  is  readily  noticed.  With  a 
reflection  print,  the  light  passes  through 
the  colorant  images  at  least  twice.  A  sig 
nificant  portion  of  the  light  received  when 
viewing  a  print  has  passed  through  the 
layer  of  gelatin  more  than  twice,  due  to 
internal  reflection  3  at  the  top  gelatin  sur 
face  of  the  print  of  any  light  arriving 
there  from  the  diffusely  reflecting  white 
support  at  an  angle  greater  than  40°  to 
the  vertical.  The  visual  evidence  of  stain 
in  the  highlights  is  thus  increased  by  mul 
tiple  passages  through  the  gelatin,  even 
though  the  light  absorption  is  very  low 
for  each  passage.  Stained  highlights  with 
the  resulting  decrease  of  available  tone 
scale  and  color  bias  have  been  more  preva 
lent  in  multilayer  materials  than  in  some 
of  the  separable  printing  processes.  Sig 
nificant  improvements  have  been  made  in 
lowering  the  stain  level  in  multilayer  color 
print  materials  over  the  last  ten  years  and 
many  such  prints  can  now  be  compared 
favorably  with  separable  color  process 
prints  or  even  with  black-and-white  prints. 

The  satisfactory  appearance  of  a  suit 
ably  viewed  color  transparency  inevitably 
leads  to  problems  when  it  is  accepted  as 
an  original  from  which  to  make  a  photo 
graphic  or  photomechanical  reproduction 
to  be  viewed  by  reflected  light.  The  color 
print  will  have  a  shorter  tone  scale  and 
perhaps  have  a  noticeable  highlight  stain. 
The  additional  complication  of  color  repro 
duction  errors  which  are  not  readily  elim 
inated  make  it  very  difficult  to  satisfy 
most  observers  when  both  color  transpar 
ency  and  reflection  print  are  viewed  at 
the  same  time. 

Viewing  Conditions.  The  intensity,  and 
especially  the  spectral  energy  distribution, 
of  the  light  source  is  as  important  when 


3  Williams  and  Clapper,  J.  Opt.  Soc.  Amer.  43, 
595   (1953). 
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viewing  a  subtractive  color  photograph  as 
it  was  when  making  the  original  color  anal 
ysis.  These  characteristics  of  the  viewing 
light  source  significantly  affect  the  observ 
er's  opinion  of  the  adequacy  of  the  color 
reproduction.  The  intensity  and  color  qual 
ity  are  not  usually  the  same — and  they  do 
not  have  to  be  the  same — as  the  light 
intensity  and  quality  used  when  taking  the 
color  photograph. 

Light  sources  for  viewing  color  photo 
graphs  should  be  "white"  in  the  sense 
that  the  observer  can  readily  adapt  to 
them  to  the  extent  that  they  will  appear 
white.  Under  these  conditions  the  clear 
highlights  of  a  transparency  or  the  white 
margins  of  a  reflection  print  will  appear 
neutral.  Tungsten  and  daylight  under 
normal  conditions  appear  " white."  The 
light  source  must  also  emit  sufficient  quan 
tities  of  energy  in  the  red,  green,  and  blue 
regions  of  the  spectrum  to  allow  the  cyan, 
magenta,  and  yellow  colorants  of  the  sub- 
tractive  synthesis  to  absorb  properly  the 
light  they  were  intended  to  control.  Some 
light  sources  that  appear  white  do  not 
satisfy  this  second  requirement.  These 
sources  may  appear  white  because  of  the 
presence  of  two  or  three  bands  of  energy 
in  those  parts  of  the  spectrum  which,  seen 
together,  appear  white  to  the  eye  and  yet 
are  deficient  in  other  regions  which  are 
essential  for  optimum  color  synthesis. 
Many  colors  will  appear  incorrectly  when 
such  a  source  of  light  is  used.  Energy 
emission  throughout  the  visible  spectrum, 
without  pronounced  peaks  or  deficiencies 
in  any  region,  is  desirable.  Sources  whose 
light  emission  is  due  to  the  high  tempera 
ture  of  the  source,  such  as  the  sun  or 
an  incandescent  tungsten  lamp  filament, 
satisfy  this  requirement.  Other  sources 
where  the  light  is  due  to  an  electrical  dis 
charge  in  a  partially  evacuated  tube  con 
taining  a  small  quantity  of  mercury  vapor, 
sodium  vapor,  or  other  gas,  ordinarily  have 


relatively  uneven  emission  through  the 
spectrum  and  some  regions  are  without  any 
emission  at  all.  These  sources  are  as  un 
satisfactory  for  viewing  color  photographs 
as  for  taking  them.  Most  fluorescent 
lamps,  with  their  combination  of  line  and 
continuous  emission,  are  not  as  satisfactory 
as  tungsten  or  sunlight.  Although  many 
types  of  fluorescent  lamps  appear  white, 
the  most  common  types  do  not  emit  an 
adequate  balance  of  red,  green,  and  blue 
light.  Special  fluorescent  lamps  designed 
for  the  requirements  of  viewing  colored 
materials  or  color  photographs  have  re 
cently  been  introduced  and  represent  a 
satisfactory  compromise  for  viewing  color 
transparencies  or  prints. 

In  order  to  design  a  multilayer  sub- 
tractive  color  material,  a  standard  viewing 
condition  must  be  selected  so  that  a  color 
balance  aim  can  be  established  by  the 
manufacturer  and  the  product  evaluated 
for  quality.  In  the  case  of  a  material  to 
be  used  mainly  as  35  mm.  slides  for  pro 
jection,  the  aim  standard  is  the  light  qual 
ity  of  a  typical  slide  projector  with  its 
lamp,  lenses,  and  heat-absorbing  filter. 
Since  such  slides  are  ordinarily  viewed  in 
a  darkened  room  or  in  a  viewer  without 
any  light  available  to  the  eye  of  the  ob 
server  other  than  the  light  source  for  the 
slide,  a  considerable  range  in  light  source 
color  quality  is  acceptable.  The  eye  adapts 
to  the  projector  source,  which  will  tend  to 
appear  white,  and  the  color  reproduction 
will  be  judged  in  relation  to  that  light 
source. 

When  large  transparencies  are  examined 
on  an  illuminator,  or  color  prints  are 
viewed  under  a  table  lamp,  in  a  room 
lighted  by  some  other  source  such  as  day 
light,  fluorescent  or  tungsten  lamps,  the 
selection  of  an  optimum  light  source  for 
evaluating  the  color  picture  is  more  com 
plex.  Under  these  viewing  conditions,  a 
reference  standard  is  available  in  the  pres- 
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ence  of  the  general  room  illumination.  The 
color  reproduction  tends  to  be  judged  in 
relation  to  this  general  illumination — 
which  may  be  quite  different  in  both  in 
tensity  and  color  quality  from  the  light 
source  illuminating  the  color  photograph. 
In  order  to  establish  an  illuminator  stand 
ard  for  transparencies4  a  color  balance 
for  the  source  has  been  chosen  between  the 
extremes  usually  encountered  as  general 
room  illumination — daylight  or  tungsten 
lamps.  A  color  temperature  of  approxi 
mately  4000°K.  was  selected.  Such  a  light 
source  looks  reasonably  white  under  gen 
eral  illumination  of  either  daylight  or 
tungsten  color  quality.  A  source  of  sig 
nificantly  higher  color  temperature  than 
4000 °K.  will  appear  bluish  in  a  general  il 
lumination  of  tungsten  light  (±3000°K), 
whereas  a  color  temperature  much  lower 
than  4000°K.  for  the  illuminator  surface 
will  appear  yellow-orange  in  a  room  filled 
with  daylight.  A  color  temperature  of 
3800°K.  is  now  the  accepted  standard5 
for  viewing  color  photographs.  This  color 
quality  is  readily  available  by  properly 
filtering  a  tungsten  lamp  to  raise  the  color 
temperature  to  3800 °K.  or  by  using  special 
fluorescent  lamps  designed  for  this  pur 
pose  (Fig.  34,3). 

The  evaluation  of  a  color  photograph, 
whether  a  transparency  on  an  illuminator 
or  a  color  print  viewed  by  reflection, 
should  be  made  with  a  light  source  meeting 
this  standard  for  color  quality.  Only  un 
der  these  conditions  can  the  adequacy  of 
the  color  process  itself  be  fairly  judged. 

In  commercial  operations  it  is  occasion 
ally  impractical '  to  view  a  photographic 
color  transparency  or  print  with  an  illu- 
minant  which  satisfies  the  above  standard. 
Under  these  circumstances  the  color  pic 
ture  should  be  produced  so  that  the  best 

4  Soren  and  Nelson,  J.  Opt.  Soc.  Amer.  43,  689 
(1953). 
s  ASA  Standard  PH  2.23   (1961). 


possible  visual  effect  will  be  obtained  with 
that  particular  light  source.  Some  im 
provement  in  the  visual  appearance  of  the 
picture  with  such  an  illuminant  can  often 
be  obtained  by  changing  the  color  balance 
of  the  photograph  intentionally  (i.e.,  by 
making  the  picture  more  red  than  would 
be  correct  for  the  standard  light  source, 
if  it  is  known  that  it  will  be  viewed  with 
a  light  source  relatively  deficient  in  red). 
Such  a  procedure  is  often  necessary  with 
large  exhibition  color  prints  or  transpar 
encies  where  existing  lighting  must  be  em 
ployed.  A  test  picture  should  be  evaluated 
with  a  light  source  having  the  same  char 
acteristics  as  that  which  will  be  used  to 
illuminate  the  completed  picture.  How 
ever,  in  the  general  case  where  the  type 
of  light  (color  quality)  that  will  be  used 
in  viewing  the  picture  is  not  known  in 
advance,  the  3800 °K.  standard  is  the  pref 
erable  source  for  judging  color  photo 
graphs  during  production  because  the  fin 
ished  photograph  will  then  have  the  best 
chance  of  appearing  as  intended  under  the 
wide  variety  of  light  sources  that  might  be 
used  when  it  is  viewed. 

Subjective  Effects.  Except  in  the  rather 
rare  cases  where  the  color  reproduction 
and  original  subject  are  viewed  together, 
the  observer 's  judgment  of  the  adequacy  of 
color  reproduction  is  based  on  his  memory 
and  past  experiences.  Most  observers  feel 
competent  to  evaluate  the  color  fidelity  of 
pictures  of  people,  buildings,  landscapes, 
etc.,  even  though  they  may  never  have 
seen  the  particular  subject  being  repro 
duced.  Their  color  evaluation  is  based  on 
past  experience  with  similar  subjects.  As 
long  as  the  colors  of  the  reproduction  fall 
within  a  rather  wide  range  of  colors  that 
can  be  considered  reasonable  or  previously 
experienced  for  such  a  subject,  the  repro 
duction  is  considered  acceptable.  Even 
when  the  observer  knows  the  subject  well, 
his  evaluation  of  the  reproduction  is  based 
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on  his  memory  of  how  the  subject  ap 
peared.  Since  there  is  so  much  variation 
in  the  appearance  of  familiar  subject  mat 
ter — for  example,  blue  sky,  skin  color, 
green  grass,  etc. — dependent  on  the  light 
ing  conditions  as  well  as  the  spectral  char 
acteristics  of  the  subject — there  is  a  great 
deal  of  latitude  in  what  will  be  considered 
acceptable.  It  seems  to  be  more  important 
that  the  errors  in  reproduction  be  uni 
formly  distributed  among  the  colors  of  the 
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(A)    Relative  energy  distribution  of  standard 

3800°   source    (solid  line)    and  tungsten  lamp 

filtered  to  obtain  3S006   (dotted  line). 
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(B)   Relative    energy    distribution    of    common 
white  fluorescent  lamp  unsatisfactory  for  view 
ing  color  photographs.    Note  inadequate  emis 
sion  of  red  light. 
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(C)  Eelative    energy    distribution    of    special 

fluorescent   lamp    designed   for   viewing    color 

photographs. 

FIG.  34.3.     Energy   emission   of  tungsten   and 
fluorescent  sources  compared. 

picture  than  that  they  be  entirely  elimi 
nated. 

The  visual  examination  of  an  original 
scene  or  a  color  reproduction  of  it  involves 
not  only  the  spectral  energy  distribution 
of  the  light  received  from  each  part  of 
the  picture  but  also  the  conversion  of  these 
energy  distributions  to  sensations  in  the 
mind  of  the  observer.  Physics  tells  us  of 
the  energy  distribution  required  to  repro 
duce  the  subject,  and  chemical  processes 
supply  the  necessary  colorant  images. 
Physiological  and  psychological  processes 
are  involved  in  obtaining  the  sensations  of 
color.  Their  contribution  can  be  just  as 
important  as  the  physical  or  chemical 
stages  of  color  reproduction. 

Color  Reproduction  Deficiencies.  As 
suming  that  each  color  process,  either  ad 
ditive  or  subtractive,  is  operated  under  the 
best  possible  conditions,  and  taking  into 
account  all  the  known  visual  phenomena 

HUNT,  Phot.  J.  91B,  107  (1951). 

EVANS,  Eye,  Film  &  Camera  in  Color  Photog 
raphy,  John  Wiley  and  Sons,  Inc.,  New 
York,  1959. 
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FIG.  34.4.    Upper    left,    "  ideal"    reflectances    for    sub  tractive    printing.     The 

other  quadrants  show  the  reflectances   of  typical  cyan,   magenta,   and  yellow 

pigments,  printing  inks   and  imbibition   dyes. 


limitations  that  make  " color  fidelity"  diffi 
cult  to  specify,  there  remain  color  repro 
duction  deficiencies  that  are  inherent 
in  presently  available  three-color  photo 
graphic  processes.  These  deficiencies  are 
due  to  the  difficulty  of  carrying  out  with 
available  photographic  materials  and  color 
ants  the  analysis  and  synthesis  required 
for  obtaining  optimum  color  reproduction. 
Most  attempts  at  improving  the  correlation 
between  subject  and  reproduction  have 


been  designed  for  subtractive  color  proc 
esses  because  of  their  commercial  impor 
tance.  Early  attempts  were  largely  trial 
and  error.  Since  the  greatest  commercial 
interest  was  in  color  printing  by  means 
of  inks  (letterpress,  lithography,  and  gra- 
vure)  it  was  natural  that  the  first  correc 
tive  measures  were  developed  for  applica 
tion  in  mechanical  color  printing  processes 
rather  than  in  purely  photographic  meth 
ods  of  reproduction. 


EFFECT  OF  NORMAL  PRINTING  COLORANTS 


477 


Need  for  Correction,  The  desirability 
of  making  any  corrections  to  obtain  opti 
mum  subtractive  color  reproduction  arises 
mainly  from  the  fact  that  the  three  print 
ing  colorants,  cyan,  magenta,  and  yellow, 
do  not  reflect  and  absorb  light  in  the  man 
ner  required  to  make  them  equivalent  to 
additive  mixtures  of  red,  green,  and  blue 
light.  For  example,  the  cyan  image  of 
a  transparency  should  produce  the  same 
effect  visually  in  red  light  as  would  a 
black-and-white  slide  projected  by  red 
light  onto  a  screen.  The  cyan  image 
should  disappear  completely  when  viewed 
with  green  or  blue  light.  The  only  pur 
pose  of  the  image,  in  either  case,  is  to  act 
as  a  control  for  red.  The  cyan  image 
should  absorb  red  light  completely  and 
transmit  the  remainder  of  the  spectrum 
for  optimum  reproduction  and  the  maxi 
mum  color  gamut.  An  examination  of  the 
reflectance  curve  of  an  "ideal"  cyan  shows 
a  complete  absorption  of  red  and  complete 
reflectance  of  blue  and  green.  Available 
cyan  colorants,  however,  (Fig.  34.4)  de 
part  from  this  goal  in  that  they  do  not 
absorb  red  completely,  and,  of  more  im 
portance,  they  do  absorb  a  very  large  por 
tion  of  the  blue  and  green  they  are  sup 
posed  to  reflect.  The  "ideal"  magenta 
colorant  should,  be  a  perfect  absorber  of 
green  and  should  reflect  or  transmit  the 
rest  of  the  spectrum,  i.e.,  red  and  blue. 
Obtainable  magentas  do  not  absorb  green 
completely  and  are  far  from  satisfactory 
reflectors  of  blue.  Most  yellow  colorants 
are  satisfactory.  The  inefficient  red  ab 
sorption  of  the  cyan  and  the  inefficient 
green  absorption  of  the  magenta  are  sec 
ondary  defects  and  are  often  ignored,  but 
the  poor  green  and  blue  reflectances  of 
the  cyan  and  the  poor  blue  reflectance  of 
the  magenta  are  sufficient  to  cause  notice 
able  reproduction  errors.  It  is  evident 
from  the  characteristics  of  typical  printing 
inks  why  printers  have  used  the  terms 


blue  and  red  rather  than  cyan  and  ma 
genta  in  naming  two  of  their  printing 
colorants.  Tricolor  inks  ordinarily  used 
commercially  do  not  approach  the  desired 
cyan  and  magenta  hues. 

Effect  of  Normal  Printing  Colorants, 
The  result  of  using  the  printing  inks  avail 
able  leads  to  a  darkening  of  the  "cold" 
colors  and  a  desaturation  of  the  "warm" 
colors.  In  Fig.  34.5  where  five  colors  and 
their  reproductions  have  been  plotted  on  a 
chromaticity  diagram,  the  color  shifts  may 
be  readily  observed.  Examination  of  the 
incomplete  blue  reflection  of  a  typical  cyan 
shows  that  when  this  ink  is  printed  to  de 
posit  red  densities  on  the  paper  support 
(absorption  of  red  light),  it  also  deposits  a 
certain  percentage  of  blue  density  (absorp 
tion  of  blue  light).  The  same  situation 
exists  with  the  magenta  where  the  printing 
of  green  densities  involves,  because  of  the 
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FIG.  34.5.    Five  colors  (dots)  and  their  repro 
ductions   (arrow  heads)   plotted  on  a  ehroma- 
ticity  diagram. 
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undesirable  spectral  absorption,  the  print 
ing  of  blue  densities.  Since  it  is  the  yellow 
ink  that  is  supposed  to  print  all  the  blue 
densities  in  the  reproduction,  the  amount 
of  yellow  required  to  produce  a  neutral 
gray  scale  (composed  of  equal  red,  green, 
and  blue  absorptions)  is  considerably  de 
creased.  The  quantity  of  yellow  printing 
in  various  colored  areas  of  the  picture  is 
controlled  by  the  amount  of  yellow  re 
quired  by  the  gray  scale.  The  decreased 
amount  of  yellow  printed,  allowing  satis 
factory  neutrals  to  be  obtained,  results  in 
lesser  deposits  of  yellow  ink  than  are  re 
quired  for  accurate  ^  reproduction  of  all 
yellows  and  colors  containing  yellow  in  the 
chromatic  areas  of  the  picture.  The  same 
situation  in  areas  containing  magenta  is 
brought  about  by  the  undesirable  green 
densities  deposited  by  the  cyan  ink.  All 
colors  containing  magenta  are  therefore 
less  saturated  than  desired.  On  the  other 
hand,  the  poor  reflection  of  the  blue  region 
of  the  spectrum  by  both  the  cyan  and  ma 
genta  and  the  poor  reflection  of.  the  green 
by  the  cyan  ink  lead  to  a  rather  limited 
brightness  for  blues,  cyans,  and  greens  in 
a  color  print. 

Corrective  Measures.  Although  some 
improvement  is  obtainable  by  using  higher 
contrast  colorant  images,  the  deficiencies 
noted  cannot  be  adjusted  for  by  the  simple 
expedient  of  changing  the  contrast  of 
the  colorant  images,  since  any  improve 
ment  brought  about  for  some  particular 
color  would  be  offset  by  a  further  loss  of 
color  fidelity  in  some  other  colors.  How 
ever,  an  empirical  approach  to  yield  con 
siderable  improvement  in  color  reproduc 
tion  can  readily  be  made. 

The  spectrophotometric  curves  of  the 
printing  inks  or  the  discussion  above  indi 
cates  that  improved  color  reproduction 
will  be  obtained  by  a  decrease  in  the 
amounts  of  yellow  and  magenta  in  all  areas 
of  the  print  where  cyan  is  required.  In 


this  manner,  the  unwanted  extra  blue  and 
green  densities  deposited  by  the  cyan  ink 
are  partially  compensated  for.  In  photo 
mechanical  processes,  the  corrective  meas 
ures  may  be  applied  by  hand.  After  the 
metal  printing  plates  have  been  prepared 
and  proof  printed,  the  magenta  and  yel 
low  images  can  be  locally  etched  to  de 
crease  the  amounts  of  magenta  and  yellow 
inks  printing  in  areas  where  cyan  is  de 
posited  in  the  picture.  Successive  proofs 
and  local  etchings  are  carried  out  until 
the  desired  correction  is  obtained. 

Since  the  extent  of  the  corrections  neces 
sary  is  not  dependent  on  the  subject  mat 
ter  but  only  on  the  characteristics  of  the 
particular  printing  colorants  employed, 
the  correction  for  any  given  density  of  a 
particular  color  will  always  be  the  same. 
It  is  therefore  possible  to  employ  photo 
graphic  means  to  obtain  the  desired  cor 
rections.  Photographic  correction,  or 
masking,  involves  the  alteration  of  the 
density  distribution  of  a  given  negative 
(or  positive)  by  combining  it  with  another 
positive  (or  negative).  Masks  may  be 
used  to  alter  the  contrast,  tone  gradation, 
or  color  characteristics.  Photographic 
color  correction  by  masking  as  normally 
carried  out  will  not  lead  to  perfect  color 
reproduction  because  only  the  larger  ink 
deficiencies  are  ordinarily  adjusted  for. 
To  be  commercially  feasible,  the  number 
of  corrective  operations  must  be  kept  to 
a  minimum. 

An  early  system  of  photographic  color 
correction  for  photomechanical  reproduc 
tion,  described  by  Murray,  is  typical  of 
the  procedure  followed.6  A  normal  red- 
separation  negative  is  exposed  and  devel- 


«  The  Modern  Masking  Method  of  Correct  Color 
Reproduction,  Eastman  Kodak  Co.,   1937. 

MILLER,  /.  Soc.  Mot.  Pict.  Eng.  52,  133  (1948). 
HANSON  AND  BREWER,  J.  Opt.  Soc.  Amer.  44, 
129  (1954), 
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oped.  Green  and  blue  separations  were 
then  made  having  density  ranges  1.6  and 
1.4  times  that  of  the  red  negative.  From 
the  red-record  negative,  two  positives  were 
prepared  having  density  ranges  40%  of 
the  green  record  and  30%  of  the  blue 
record.  These  positives  were  bound  with 
the  green  and  blue  separations  to  form 
the  color-corrected  negatives.  The  posi 
tive  masks  on  the  green-  and  blue-record 
negatives  prevented  some  magenta  and 
yellow  from  printing  in  those  regions 
where  cyan  was  to  be  printed,  thus  de 
creasing  the  degradation  of  cyans,  blues, 
and  greens.  At  the  same  time,  the  in- 
.creased  contrast  of  the  magenta  and  yellow 
images  (neutralized  by  their  masks  for 
neutral  or  achromatic  tones)  led  to  a 
higher  saturation  of  reds,  yellows,  and 
magentas. 

Black  Printers.  The  superimposing  of 
the  usual  three  process  inks  results  in 
rather  poor  color  and  tone  reproduction 
in  the  darker  areas  of  the  picture.  Wher 
ever  reflection  densities  higher  than  about 
1.3  are  required,  equal  mixtures  of  the 
three  inks  reproduce  as  dark-reddish  tones 
rather  than  neutrals.  The  first  suggestion 
to  use  black  as  a  fourth  printing  plate  to 
improve  the  reproduction  of  the  achro 
matic  portions  of  the  picture  seems  to  have 
come  from  Albert.7  For  the  highest  qual 
ity  reproductions,  printers  have  adopted 
four-color  printing  procedures.  The  black 
may  be  added  only  to  those  picture  areas 
to  be  reproduced  as  neutral  and  of  high 
density,  or  the  black  printer  may  be  pre 
pared  in  such  a  way  that  it  supplies  the 
full  scale  of  neutrals  and  also  the  achro- 


7D.R.P.   101,379    (1899). 


TRITTON,  Phot.  J.  78,  732  (1938). 

PRENCIL,    Nat.    Lithographer    56,     June-July 

1949. 

ROBINSON,  Phot.  J.  92B,  52  (1952). 
NEUGEBAUER,    J.    Opt.    Soc.    Amer.    42,    740 
(1952). 


matic  component  of  colored  areas  in  the 
picture. 

When  the  fourth  printer  is  to  supply 
black  only  in  achromatic  areas  of  densities 
greater  than  can  be  satisfactorily  repro 
duced  by  the  three  colorants  alone,  its 
negative  is  generally  exposed  with  a  yel 
low  filter  or  a  split  filter  technique  (suc 
cessive  exposures  through  2  or  3  of  the 
tricolor  analysis  filters).  A  light  positive 
from  such  a  negative,  although  generally 
requiring  considerable  hand  correction, 
adds  black  to  the  required  areas  of  the 
picture.  Murray  suggested  a  technique 
for  obtaining  the  "black  separation  nega 
tive"  (for  certain  specified  types  of  copy) 
wherein  an  infrared  separation  is  obtained 
and  the  black  printer  positive  prepared 
from  it.8  The  applicability  of  the  infra 
red  method  is  dependent  on  the  fact  that 
most  colorants  reflect  infrared  light 
strongly  while  many  achromatic  materials 
absorb  infrared  radiation.  A  black  printer 
made  from  an  infrared  record  of  suitable 
subjects  will  not  deposit  black  on  any  but 
achromatic  areas. 

The  second  type  of  black  printer  carries 
not  only  achromatic  tones  but  also  the  neu 
tral  component  required  in  chromatic 
areas.  In  a  dark  green,  for  example,  which 
would  normally  be  composed  of  consider 
able  cyan  and  yellow  ink  to  make  the 
green,  and  enough  magenta  to  give  the 
required  value,  the  magenta  can  be  pre 
vented  from  printing  in  that  area  by  suit 
able  masking  and  the  correct  value  ob 
tained  by  adding  black  from  the  fourth 
printer  to  the  cyan  and  yellow  images 
(Fig.  34.6).  Yule9  has  shown  that  the 
densities  of  the  black  printer  should  be 
related  to  the  lowest  equivalent  density 


s  Murray,  Nat.  Lithographer  41,  19  (1934)  ; 
Photo-Engravers  Bull.  23,  13  (1934);  24,  208 
(1935). 

a  Yule,  J.  Opt.  Soc.  Am.  30,  322  (1940) ;  Brit. 
J.  Phot.  87,  99,  112  (1940). 
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of  the  three  colorants  when  they  are  suit 
ably  color  corrected  and  a  mask  from 
such  a  black  printer  should  further  cor 
rect  each  of  the  color  corrected  separation 
negatives.  The  use  of  this  type  of  black 
printer  has  become  increasingly  important 
as  press  speeds  have  increased  and  ink 
drying  problems  have  multiplied. 


CYAN  MAGENTA  YELLOW 


BLACK  MAGENTA  YELLOW 


FIG.  34.6.    A  brown  obtained  by  using  a  mix 
ture  of  cyan,  magenta,  and  yellow  can  also  be 
obtained  (right)  with  a  neutral  image,  magenta 
and  yellow. 

The  exact  type  and  amount  of  color  and 
tone  correction  for  any  particular  photo 
mechanical  process  is  determined  not  only 
by  the  characteristics  of  the  inks  used  but 
also  by  the  photographic  gradation  ob 
tained  in  the  plate  making  and  pressroom. 
Specific  color  and  tone  correction  recom 
mendations  for  the  various  photomechani 
cal  processes  are  given  by  the  manufac 
turer  of  photographic  materials  for  the 
graphic  arts  and  are  designed  to  take  these 
process  characteristics  into  account. 

Color  Correction  of  Photographic  Proc 
esses.  The  amount  of  color  correction  re 
quired  for  optimum  color  reproduction 
with  subtraetive  photographic  processes  is 
generally  not  as  great  as  that  needed  for 
equivalent  correction  of  photomechanical 
printing  processes.  The  corrections  are  of 
the  same  type,  however,  and  their  magni 
tude  is  dependent  on  the  spectral  absorp 
tion  characteristics  of  the  colorants.  The 
dyes  used  in  subtraetive  photographic 
processes  are  ordinarily  superior  to  proc 
ess  inks.  The  magnitude  of  the  differences 
among  magenta  colorants,  for  example,  is 
indicated  by  the  spectral  reflection  curves 
of  Fig.  34,4.  The  corrections  to  be  ap 


plied  for  a  particular  color  process  are 
determined  chiefly  by  the  characteristics 
of  the  colorants  of  that  process. 

Although  it  has  been  shown  that  a  close 
approximation  to  facsimile  color  reproduc 
tion  is  obtainable  when  reproducing  a  color 
photograph  by  the  same  colorants  as 
formed  the  original,  commercially  practi 
cal  means  of  using  the  necessary  correc 
tions  are  not  available.  Yule,  MacAdam, 
and  Marriage  have  established  the  require 
ments  for  such  corrections.  Their  work 
shows  that  by  the  use  of  six  suitably  pre 
pared  masks,  it  would  be  possible  to  obtain 
excellent  color  reproduction.  The  magni 
tude  of  the  correction  to  be  contributed 
by  each  mask  is  not  the  same  and  if  the 
two  or  three  major  corrections  are  made 
by  masking,  satisfactory  results  can  usu 
ally  be  obtained.  Color  correction  methods 
in  common  practice  generally  make  use 
of  only  two,  or  at  most  three,  color  correc 
tion  masks.  The  following  procedures  are 
typical. 

Correction — One  Colorant  Set.  Many 
subtraetive  reproductions  are  obtained 
from  systems  in  which  only  one  set  of 
colorants  is  involved  in  obtaining  the  final 
color  photograph.  The  simplest  case  is 
that  of  a  set  of  three  color-separation  nega 
tives  made  directly  from  the  subject  and 
then  printed  to  obtain  a  reflection  print 
or  a  transparency  by  one  of  the  separable 
processes,  such  as  Dye  Transfer,  tricolor 
carbro,  or  even  printing  on  a  multilayer 
positive  material.  Disregarding  any  er 
rors  due  to  the  color  analysis,  the  color 
corrections  that  most  need  to  be  made  de 
pend  on  the  spectral  absorptions  of  the 
dyes  or  pigments  used  in  the  color  syn 
thesis.  As  with  other  subtraetive  color 
ants,  the  major  adjustments  to  be  made  are 
due  to  the  unsatisfactory  green  reflectance 
of  the  cyan  colorant  and  the  unsatisfactory 
blue  reflectance  of  the  cyan  and  magenta 
colorants.  These  deficiencies  are  readily 
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corrected  if  a  set  of  individual  separation 
negatives  is  available.  To  adjust  for  the 
undesirable  green  density  to  be  contributed 
by  the  cyan  colorant,  a  positive  silver  mask 
is  prepared  from  the  red-record  (cyan 
printer)  negative  and  combined  with  the 
green-record  negative.  The  densities  thus 
added  to  the  green-record  negative  de 
crease  the  amount  of  magenta  colorant 
that  will  be  printed  in  picture  areas  which 
will  contain  the  cyan  image.  Thus  the 
total  green  density  in  a  given  area  of  the 
reproduction  will  not  be  greater  than  re 
quired  for  optimum  color  reproduction. 
To  adjust  for  the  unwanted  blue  densities 
contributed  by  the  cyan  and  magenta  col 
orants,  a  positive  mask  is  prepared  from 
the  green-  or  red-record  negative.  For  bet 
ter  correction  this  mask  can  be  made  from 
a  special  negative  exposed  with  a  yellow 
analysis  filter.  Such  a  negative  indicates 
the  positions  in  the  picture  where  both 
cyan  and  magenta  will  be  printed. 

The  contributions  of  the  masks  are  de 
termined  by  the  colorants  to  be  used  and 
the  contrast  of  the  negatives  from  which 
the  masks  are  made.  Typical  corrections 
for  a  dye  colorant  system  are  a  30-40% 
(per  cent  of  the  red-record  density  range) 
mask  for  the  magenta  printer  and  a  30% 
mask  for  the  yellow  printer  negative.  For 
convenience  (although  not  for  the  best 
available  correction  from  only  two  masks) 
the  density  ranges  of  the  two  masks  are 
often  made  the  same.  When  it  is  known 
that  the  separation  negatives  are  to  be 
masked,  they  may  be  processed  to  different 
contrasts  so  that,  when  the  correct  masks 
are  combined  with  the  appropriate  nega 
tives,  the  density  ranges  for  a  scale  of 
neutrals  will  all  be  identical.  It  is  also 
possible  to  process  all  negatives  to  a  high 
contrast  and  intentionally  reduce  the  con 
trast  of  all  three,  two  of  them  by  the  color- 
correction  masks  described  and  the  third 
by  a  positive  made  from  the  same  nega 


tive  with  which  it  will  be  combined  (red 
record) — a  contrast  lowering  mask.  Where 
the  printing  synthesis  allows  individual 
image  colorant  contrast  adjustment,  some 
of  the  alignment  of  negative  density  ranges 
can  be  made  at  this  stage  of  the  process. 

Direct  masking  of  separation  negatives 
by  techniques  such  as  these  can  be  ex 
tended  to  obtain  additional  corrections. 
Thus  a  low-contrast  positive  silver  mask 
made  from  the  green-separation  negative 
is  sometimes  applied  to  the  red-separation 
negative  to  adjust  for  the  unwanted  red 
density  of  the  magenta  colorant.  As  the 
masking  corrections  are  extended  beyond 
two  toward  the  optimum  six,  the  color  re 
production  improvements  obtained  by  ad 
ditional  masks  tend  to  diminish  rapidly. 
Furthermore,  there  is  risk  of  decreased 
photographic  quality  as  the  number  of 
images  involved  in  obtaining  the  final  re 
sult  is  increased.  If  the  photographic 
process  (analysis  and  synthesis)  is  of  the 
multilayer  type  where  the  colorant  images 
are  not  controllable  individually,  masking 
for  color  correction,  as  described  above,  is 
not  practical. 

If  a  color  transparency  or  color  print 
is  considered  as  the  original  to  be  repro 
duced,  the  type  of  corrections  described 
are  applicable  and  can  be  used  to  adjust 
for  the  deficiencies  of  the  colorants  em 
ployed  when  reproducing  the  transparency 
or  print.  The  color  transparency  or  print 
may  contain  the  same  type  of  color  de 
ficiencies  as  a  reproduction  prepared  from 
three  direct  separation  negatives  (not 
masked)  of  the  subject.  However,  if  the 
transparency  or  print  has  been  accepted 
as  the  original  to  be  reproduced,  only  the 
limitations  of  the  colorants  to  be  used  in 
printing  it  have  to  be  considered  for  color 
correction.  As  discussed  on  page  487, 
interimage  effects  in  multilayer  materials 
make  it  possible  to  obtain  some  of  the  color 
reproduction  improvements  in  these  mate- 
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rials  that  would  be  obtained  by  the  use 
of  color-correction  masks  in  a  separable 
color  process.  A  multilayer  positive  may 
therefore  be  a  closer  match  to  the  original 
subject  than  a  color  positive  made  by 
printing  from  three  direct  separation  nega 
tives  that  are  not  corrected  by  masking. 

A  more  involved,  yet  flexible,  procedure 
for  obtaining  color  correction  by  masking 
is  called  the  masked  mask  or  two-stage 
masking  system.  It  is  used  chiefly  in 
preparing  for  photomechanical  reproduc 
tion  but  is  also  applicable  to  photographic 
reproduction  processes.  The  color  correc 
tion  obtained  is  quite  similar  to  that  from 
the  direct  masking  procedures  just  out 
lined.  Difficulties  with  high-contrast  sepa 
rations  are  avoided  and  the  procedure  can 
be  applied  to  reflection  or  transparent 
color  copy.  The  masked  mask  system 
makes  use  of  pre-masks  in  the  preparation 
of  the  color  correcting  masks.  The  pre- 
masking  allows  the  gray  scale  contrast  to 
be  neutralized  so  that  the  color-correction 
masks  are  records  of  only  the  color  areas 
that  need  adjustment. 

The  necessity  of  introducing  color  cor 
rections  to  compensate  for  the  deficiencies 
of  the  synthesis  colorants  depends  to  some 
extent  on  the  way  the  reproduction  will 
be  used.  If,  for  example,  the  original  sub 
ject  contained  several  saturated  colors  and 
was  a  painting,  rug,  or  similar  object  with 
which  the  reproduction  will  be  compared 
"side  by  side,"  some  color  correction  is 
essential  if  satisfactory  results  are  to  be 
obtained  even  with  only  one  set  of  color 
ants  involved  in  the  reproduction.  On 
the  other  hand,  if  the  subject  is  one  con 
taining  mostly  near  neutrals  or  achromatic 
areas,  or  if  the  only  comparison  will  be 

POLLAK,  Printing  Technology  4,  93    (1960). 
Masking  Color  Transparencies^  Eastman  Kodak 

Co.,  1960. 
Masking  for  Reflection  Copy,  Eastman  Kodak 

Co.,  1960. 


with  the  observers'  memory  of  the  colors 
being  reproduced,  the  requirements  for 
correct  color  rendition  are  much  less 
stringent. 

Correction — Two  Colorant  Sets.  Many 
color  reproductions  involve  the  use  of  two 
sets  of  colorants  before  the  final  result  is 
obtained.  Two  typical  examples  are : 

1.  Original  subject  recorded  photograph 
ically  as  a   color   print,   multilayer   color 
transparency,    or    multilayer    color    nega 
tive.      These    image    colorants    are    then 
"photographed"  to  obtain  separation  neg 
atives    or    positives    for    printing    photo 
graphically    or   photomechanically. 

2.  Original    subject    photographed    on 
multilayer    color    transparency    or    color 
negative  material.     The  multilayer  image 
colorants   are    then   printed   onto   similar 
multilayer  reversal  materials   or,   with  a 
color  negative,  on  multilayer  color  positive 
materials. 

In  these  or  other  situations  involving 
two  or  more  sets  of  colorant  images,  de 
partures  from  the  colors  of  the  original 
subject  become  more  apparent  and  the 
need  for  color  correction  more  imperative. 
If  side-by-side  comparison  of  original  and 
final  reproduction  is  anticipated,  it  is  de 
sirable  whenever  possible  to  choose  a  re 
production  system  that  will  require  only 
a  single  set  of  colorants  to  obtain  the  color 
picture.  Extensive  color  corrections  can 
then  be  avoided  and  difficulties  with  regis 
tration,  edge  effects,  and  tone  reproduction 
kept  at  a  minimum. 

In  reproduction  systems  where  two  col 
orant  sets  have  to  be  used,  the  same  type 
of  color  correction  by  masking  as  described 
previously  may  be  applied  to  a  set  of  color- 
separation  negatives  if  they  will  be  avail 
able  during  the  preparation  of  the  final 
colorant  images  (example  1  above).  This 
type  of  correction  will  improve  the  repro 
duction  by  adjusting  for  the  deficiencies 


MASKING  MULTILAYER  FILMS 


483 


of  the  second  (final)  set  of  colorants.  A 
reasonably  satisfactory  reproduction  of  the 
first  picture  is  thereby  obtained.  This  re 
production  will  not  be  a  very  close  match 
for  the  colors  of  the  original  subject,  how 
ever,  since  no  corrections  were  made  for 
the  deficiencies  of  the  first  set  of  colorants. 
Additional  color  corrections,  of  a  similar 
type,  are  necessary  to  take  into  account 
both  sets  of  colorants.  Such  extensive  ad 
justments  are  not  often  attempted  in  com 
mercial  practice  because  of  the  high  con 
trasts  required  in  the  correcting  masks 
and  the  difficulties  in  maintaining  good 
tone  reproduction. 

When  the  original  subject  is  photo 
graphed  on  a  multilayer  color  film  and  it 
is  processed  to  obtain  a  positive  color 
transparency  or  a  color  negative,  the  vis 
ible  image  consists  of  a  combination  of 
cyan,  magenta,  and  yellow  colorants. 
These  colorants  are  usually  dyes  with  their 
undesirable,  as  well  as  wanted,  absorptions, 
shown  in  Fig.  34.7.  Regardless  of  their 
deficiencies,  these  colorants  represent  the 
tricolor  analysis  information  originally  re 
corded  as  three  separation  negative  images 
when  the  subject  was  photographed.  If 
the  multilayer  color  film  is  to  be  used  only 
as  an  intermediate  stage  between  the  orig 
inal  subject  and  the  final  reproduction  to 
be  obtained  with  a  second  set  of  colorants, 
the  multilayer  film  colorants  should  be  re 
corded  individually.  If  the  magenta  im 
age,  for  example,  could  be  recorded  sepa 
rately  by  a  green  light  exposure,  essentially 
the  same  color  analysis  information  would 
be  available  as  was  recorded  in  the  first 
color  analysis.  Deficiencies  of  the  first  set 
of  colorants  would  thereby  be  circum 
vented.  Unfortunately,  recording  the  ma 
genta  image  can  be  accomplished  only  by 
photographing  the  multilayer  film  with 
green  light  since  the  colorant  images  can 
not  ordinarily  be  stripped  apart  physically 
and  photographed  separately.  The  effect 
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FIG.  34.7.     Spectral    dye    densities    of    typical 
multilayer   film    colorants. 

of  the  dye  deficiencies  can  be  seen  by 
viewing  Fig.  34.8  through  red,  green,  and 
blue  filters.  Through  both  the  green  and 
blue  filters  unwanted  colorant  images  will 
be  visible. 

Masking  Multilayer  Films.  Color  cor 
rection  of  multilayer  films,  particularly 
positive  transparencies,  is  conveniently 
carried  out  by  masks  placed  in  contact. 
Since  the  density  range  of  the  transpar 
ency  is  generally  high,  a  mask  lowers  the 
density  range  to  preferable  limits  for  sepa 
ration  work  at  the  same  time  that  color 
correction  may  be  applied.  The  recording 
of  undesirable  positive  transparency  im 
ages  can  be  prevented  by  neutralizing  the 
offending  images  with  negatives  of  like 
color  and  contrast.  For  example,  a  red 
filter  negative  exposed  in  contact  with  a 
transparency  will  record  the  cyan  dye 
layer.  If  this  black-and-white  negative  is 
converted  by  toning,  for  example,  into  a 
negative  cyan  image  with  a  contrast  equal 
to  that  of  the  transparency  cyan  image 
(positive),  the  effect  of  the  latter  may  be 
temporarily  neutralized.  "When  the  multi 
layer  positive  and  the  cyan  negative 
(mask)  are  bound  together,  both  green- 
and  blue-separation  negatives  can  be  made 
without  the  cyan  image  of  the  transpar 
ency  being  recorded  on  these  separation 
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negatives.  This  can  readily  be  imagined 
by  visualizing  the  effect  of  a  cyan  negative 
image  beside  the  cyan  positive  in  the 
bottom  layer  of  the  multilayer  film  (Fig. 
34.8).  Under  these  circumstances  the  en 
tire  bottom  layer  would  be  cyan,  and  no 
cyan  positive  image  could  be  recorded. 
In  a  similar  manner,  a  magenta  negative 
image  mask  would  neutralize  the  positive 
magenta  image  of  the  transparency.  If 
both  cyan  and  magenta  negative  masks 
are  attached  to  the  transparency,  the  blue 
separation  negative  obtainable  from  the 
combination  will  be  equivalent  to  a  color- 
separation  negative  exposed  to  the  original 
copy  through  a  blue  filter.  If  such  pro 
cedures  were  practical  it  would  be  pos 
sible  to  obtain  the  same  result  as  by  strip 
ping  the  layers  apart  and  photographing 
them  separately. 

Silver  Negative  Masks.  A  somewhat 
more  practical  procedure  leading  to  simi 
lar  corrected  separation  negatives  makes 
use  of  negative  silver  images  as  masks 
with  the  color  transparency.  A  contact 
negative  made  from  the  positive  trans 
parency  using  a  red  filter,  for  example, 
records  the  cyan  image  (the  red  record) 
of  the  tripack.  If  such  a  negative  mask 
of  the  correct  contrast  is  bound  in  register 
with  the  color  transparency  while  the 
green  separation  negative  is  being  exposed, 
only  the  magenta  dye  layer  will  be  re 
corded  in  the  green  color-separation  nega 
tive. 

The  simplest  procedure  makes  use  of 
a  single  negative  silver  mask  bound  in 
register  with  the  transparency  while  each 
of  the  color-separation  negatives  is  being 
exposed.  Since  the  colors  requiring  im 
provement  are  often  those  in  which  cyan 
is  a  major  contributor,  a  red  filter  is  gen 
erally  used  in  exposing  the  mask.  The 
exact  color  of  the  filter  and  light  source 
used  in  the  preparation  of  this  mask  de 
pends  on  the  dyes  in  the  image  and  various 


product  characteristics,  such  as  inter- 
image  effects  (page  487).  If  a  red  filter 
is  used  in  exposing  the  mask,  it  will  be  a 
record  of  the  cyan  image  of  the  trans 
parency,  and  when  this  negative  is  com 
bined  with  the  transparency  for  the  prep 
aration  of  separation  negatives  or  printing, 
it  results  in  lighter  reproduction  of  all 
areas  in  which  cyan  is  a  component.  Such 
a  simple  silver  mask  applied  to  a  trans 
parency  is  often  termed  a  "brightness 
correction"  mask.  Silver  masks  are  gen 
erally  diffused  slightly  during  exposure 
so  that  no  difficulty  will  be  encountered 
with  register  when  binding  the  mask  and 
transparency  together.  The  use  of  a  single 
mask  over  a  color  transparency  allows  ad 
justments  of  relative  brightness  and,  in 
directly,  in  improvement  of  color  satura 
tion.  A  single  silver  mask  will  not  correct 
for  hue  shifts.  To  obtain  both  corrections, 
it  is  necessary  to  use  two  masks  obtained 
from  the  transparency  by  exposures  with 
different  color  filters.  Two  masks  may 
therefore  be  obtained  from  the  color  trans 
parency  using  red  light  for  the  first  mask 
and  green  or  yellow  light  for  the  second. 

The  first  (red  light  exposure)  mask  is 
registered  with  the  color  transparency  dur 
ing  the  exposure  of  the  red  and  green 
separations.  This  mask  is  then  replaced  by 
the  second  mask  (green  or  yellow  light  ex 
posure)  for  the  exposure  of  the  blue-sepa 
ration  negative. 

When  color  correction  is  introduced  by 
the  application  of  a  silver  mask  or  masks 
to  a  color  transparency,  it  is  possible  to 
incorporate  additional  correction  for  the 
subsequently  used  set  of  colorants  by 
means  of  masks  applied  to  the  separation 
negatives  made  from  the  masked  trans 
parencies.  Such  corrections  should  be 
used  with  caution  because  of  the  possible 
presence  of  interimage  effects  in  the  multi 
layer  material.  These  effects  may  make 
additional  color  correction  undesirable. 


j;^;^^'^.'^-*' 


B 


•f^v^m^^^^^^^^^'^^^^»^m»'!i 


Sf*e*«Hr<*<« 


FJG.  34.9.  Image  formation  in  multilayer  negative  containing  two  colored  couplers.  A. 
Fixed  and  bleached  film  (not  developed)  ;  colored  couplers  in  bottom  and  center  emulsions. 
B.  Processed  medium  density  area  with  cyan,  magenta,  and  yellow  negative  images  being 
formed.  Remaining  colored  couplers  in  bottom  and  center  emulsion  layers  will  be  positive 
masking  images.  C.  Processed  high  density  area  with  most  of  couplers  converted  to  negative 

dye  images. 
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COLOR    NEGATIVE 

WITH 
COLORED    COUPLER    MASKS 


FIG  3410-  Comparison  viewing  through  red  and  blue  analysis  tricolor  filters  illustrates 
decreased  effect  of  unwanted  dye  images  due  to  the  color  masks  obtained  from  colored 
couplers.  A.  Image  structure  in  color  negative  without  color  couplers.  B.  Image  structure 

of  colored  coupler  negative. 
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Correction  with   Color   Masks.      Color 

images  may  be  employed  as  masks  as  ef 
fectively  as  silver  images.  The  absorption 
by  the  colorant  of  the  light  with  which  it 
is  used  determines  the  effectiveness  of  the 
image  as  a  mask.  Although  color  masks 
are  perhaps  more  difficult  to  prepare  than 
silver  masks,  they  have  some  advantage  in 
that  a  single  mask  may  be  used  to  obtain  a 
different  amount  of  correction  simply  by 
altering  the  color  of  the  light  with  which 
the  mask  is  used.  A  dye  mask  also  offers 
an  essentially  grainless  image  of  low  light 
scattering  potential. 

An  early  example  of  correction  by  a 
colorant  image  was  used  with  the  Eastman 
Wash-Off  Relief  process  of  color  printing 
(page  442).  When  the  yellow  printer 
matrix  was  to  be  exposed,  the  previously 
made  and  dyed  cyan  and  magenta  matrices 
were  inserted  between  the  blue-separation 
negative  and  the  unexposed  Kodak  Matrix 
Film.  The  blue  absorption  of  the  cyan 
and  magenta  dyes  restricted  the  exposure 
in  subject  areas  where  these  dyes  would 
print,  thus  adjusting  for  their  unwanted 
blue  absorptions.  The  color  correction  ob 
tained  was  essentially  automatic  in  that 
no  separate  masks  were  required,  the  de 
ficient  cyan  and  magenta  dyes  determining 
the  necessary  correction  by  their  absorp 
tion  of  blue  light. 

Magenta  masks  are  used  widely  in  pre 
paring  photomechanical  reproductions.10 
The  photographic  emulsion  to  be  used  as 
a  mask  is  exposed  to  the  subject  with  suit 
able  filters  and  processed  by  dye  coupling 
development.  After  the  silver  is  removed, 
the  magenta  dye  image  can  be  used  in 
the  preparation  of  corrected  separation 
negatives. 

Multilayer  materials  have  been  intro 
duced  by  Gevaert  and  Kodak  for  color 
correction.  Two  or  more  dye  colorant  im 


ages  are  obtained  by  dye  coupling  develop 
ment,  thus  making  several  color  correc 
tions  with  a  single  film. 

Colored  Couplers.  The  use  of  color  im 
ages  as  masks  which  has  had  the  greatest 
effect  on  color  photographic  processes  was 
first  described  by  Hanson  and  Vittum.11 
A  color  mask  was  obtained  automatically 
during  the  processing  of  an  emulsion  con 
taining  a  colored  rather  than  the  usual 
colorless  coupler.  In  a  green  recording 
emulsion,  for  example,  instead  of  using 
a  colorless  color  former  or  coupler  that 
would  form  a  magenta  dye  image  during 
color  development,  a  coupler  that  was 
yellow  could  be  used  which  also  formed 
a  magenta  dye  image  during  development. 
When  this  yellow  colored  coupler  is  used  in 
a  negative  film,  a  magenta  negative  image 
is  formed  during  development.  The  more 
magenta  dye  formed,  the  less  the  quantity 
of  unused  yellow  colored  coupler  remain 
ing.  Where  all  the  colored  coupler  is  used 
during  development  (maximum  exposure 
areas)  the  film  layer  will  contain  only  ma 
genta  dye.  Where  no  coupler  is  used  in 
development  (unexposed  areas)  the  film 
layer  will  be  yellow  because  of  the  unused 
colored  coupler.  A  normally  exposed  color 
negative  green  recording  layer  will  thus 
contain,  after  processing,  a  magenta  nega 
tive  image  and  a  yellow  positive  image, 
Fig.  34.9.  Colored  couplers  are  only  prac 
tical  in  intermediate  or  color  negative 
films.  Because  of  their  visual  color  con 
tribution  they  are  not  used  in  positive 
reproductions. 

If  a  yellow-colored  coupler  can  be  used 


10  The    Kodak    Magenta    Masking    Method    of 
Color  Reproduction,  Eastman  Kodak  Cov  1944. 


11  Hanson  and  Vittum,  P.S.A.  Journal   13,   94 
(1947).      Hanson,    J.    Opt.    Soc.    Amer.    40,    166 

(1950). 

GEVAERT  Co.  OF  AMERICA,  Masking  with  Multi- 
mask  Film,  1960. 

Brit.  J.  Phot.  101,  513  (1954). 

EASTMAN  KODAK  Co.,  Color  Correction  with 
Kodak  Tri-Mask  Film,  1962. 
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in  the  emulsion  that  will  have  the  same 
absorption  of  blue  light  (and  little  or  no 
absorption  of  red  or  green)  as  the  maxi 
mum  density  of  magenta  dye  formed,  then 
the  blue  absorption  of  that  film  layer  will 
be  constant — it  will  not  vary  with  the 
amount  of  magenta  dye  formed.  For 
every  quantity  of  magenta  dye  formed 
there  will  be  a  quantity  of  residual  yellow 
coupler  remaining,  such  that  the  total  blue 
absorption  of  the  pair  of  images  will  be  a 
constant.  An  image  is  thus  obtained  which 
varies  in  green  density  in  proportion  to 
the  quantity  of  magenta  dye  formed.  The 
red  and  blue  densities  will  not  change  as 
the  quantity  of  magenta  changes.  This  is 
exactly  what  is  wanted  in  a  green-record 
ing  emulsion  layer — an  image  which  con 
trols  only  green  light.  Although  this  ideal 
is  not  realized  in  practical  colored  coupler 
systems,  masks  obtained  from  the  use  of 
colored  couplers  represent  an  excellent  so 
lution  to  the  problem  of  dye  deficiencies. 
Colored  couplers  make  it  possible  for 
imperfect  subtractive  colorant  images  to 
act  more  nearly  as  if  they  were  perfect 
at  the  time  they  are  being  printed.  The 
constant  blue  density  of  the  green-record 
ing  layer  (made  up  of  the  magenta  and 
yellow  images  together)  is  of  no  conse 
quence  as  it  is  readily  adjusted  for  when 
printing  the  color  negative. 

The  other  colorant  with  significant  de 
ficiencies  is  the  cyan.  The  blue  and  green 
absorptions  of  a  cyan  colorant  can  be  ad 
justed  for  by  the  use  of  a  reddish  colored 
coupler.  The  total  blue  and  the  total 
green  absorptions  can  thus  be  kept  nearly 
constant  in  the  processed  red  recording 
layer,  only  the  red  density  changing  with 
different  concentrations  of  cyan  colorant. 
It  has  not  been  possible  to  obtain  yellow 
and  red  couplers  that  exactly  compensate 
for  the  deficiencies  of  the  magenta  and 
cyan  colorants  at  every  wave  length. 
However,  the  major  deficiencies  are  well 


taken  care  of  and  give  significant  color 
improvements.  An  indication  of  the  im 
provement  in  ability  to  separate  colorant 
images  in  a  processed  negative  where  col 
ored  couplers  are  used  can  be  seen  by  an 
examination  of  the  two  types  of  color 
negative  represented  in  Fig.  34.10.  The 
combination  of  two  colored  couplers  gives 
color  negative  films  such  as  Kodacolor  and 
Ektacolor  a  strong  orange  cast  in  unex- 
posed  areas.  The  yellow  appearance  of 
Ilfacolour  negatives  is  also  due  to  a  color 
mask  in  the  green-recording  layer. 

Electronic  Corrections.  Color  correc 
tion  carried  out  by  adjustments  of  the 
densities  of  negatives  or  positives  through 
the  use  of  black  silver  or  colored  image 
masks  can  also  be  accomplished  electron 
ically.  The  use  of  electronic  correction 
was  proposed  by  Hardy  and  Wurzburg  12 
in  1937  in  connection  with  their  scanning 
method  of  obtaining  the  correct  density  at 
every  point  in  each  of  the  three  images  re 
quired  in  a  tricolor  synthesis.  At  the  same 
time  Murray  and  Morse  worked  out  a  color 
scanner  at  Eastman  Kodak  which  later  be 
came  the  Time-Life  Scanner.  The  possi 
bility  of  combining  two  or  more  electrical 
signals  to  control  precisely  the  intensity 
of  a  source  of  light,  and  thus  expose  a 
negative  or  positive  image,  allows  the  in 
clusion  of  several  small  corrections  that 
would  be  impractical  to  make  by  the  usual 
photographic  masking  procedures.  Elec 
tronic  scanners  are  now  used  extensively  in 
the  preparation  of  color  corrected  printing 
plates  for  photomechanical  reproduction. 
With  the  Time-Life  Springdale  Scanner, 
for  example,  an  8"  X  10"  color  transpar 
ency  is  scanned  on  a  revolving  transparent 
cylinder  in  about  an  hour.  The  tricolor 
information  obtained  is  fed  to  electronic 
circuits  which  adjust  for  the  character 
istics  of  the  printing  colorants  to  be  em- 
is  Hardy  and  Wurzburg,  J.  Opt.  Soc.  Amer.  27, 
227  (1937). 
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ployed  and  arrange  for  undercolor  removal 
so  that  a  corrected  set  of  four  separation 
negatives  is  obtained. 

Interimage  Effects.  Masks,  whether 
silver  or  color  images,  are  used  with  inter 
mediate  stages  of  color  reproduction. 
Their  tone  or  color  contributions  destroy 
the  desired  visual  appearance  if  incorpo 
rated  in  a  finished  color  picture.  Masks 
are  therefore  applied  to  separation  nega 
tives,  to  multilayer  color  positives  during 
their  reproduction,  or  incorporated  in  mul 
tilayer  negative  materials. 

The  color  reproduction  capabilities  of 
multilayer  materials  can  be  affected  by 
various  interimage  effects,  whether  inten 
tional  or  accidental,  to  give  results  similar 
to  those  obtainable  by  the  use  of  masks. 
Although  all  interimage  effects  are  not 
beneficial,  some  of  them  can  give  consider 
able  color  improvement.  They  can  be  use- 
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FIG.  34.11.  Densities  of  cyan  dye  obtained 
when  only  the  red  record  is  exposed  (solid 
line)  and  when  all  three  color  records  are  ex 
posed.  (From  Hanson  and  Horton,  /.  Opt. 
Soe.  Amer.  42,  663  (1952).) 

Brit.  J.  Phot.  86,  259  (1939). 
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FIG.  34.12.  First  development  in  reversal  film 
without  interimage  effect,  (top)  Would  not 
result  in  change  of  color  image  formed  in  ad 
joining  layers  (or  in  final  dye  images).  With 
interimage  effect  (bottom)  silver  formed  in 
adjoining  layers  would  be  restrained  during 
first  development  and  result  in  more  than 
normal  dye  formation  during  color  develop 
ment. 

ful  in  processes  involving  a  set  of  colorants 
obtained  directly  from  color  analysis  rec 
ords  without  the  possibility  of  masking, 
i.e.,  in  a  multilayer  reversal  transparency 
material. 

Interimage  effects  are  changes  in  the 
characteristics  of  one  image  as  a  result 
of  the  formation  or  existence  of  another 
image  of  the  set  of  images  required  in  the 
color  process.  Fig.  34.11  shows  the  dif 
ference  in  the  cyan  dye  scale  obtained  in 
one  multilayer  transparency  material  when 
the  film  is  exposed  only  to  red  light  com 
pared  to  a  white  light  exposure.13  An 
interimage  effect  is  shown  schematically  in 
Pig.  34.12  where  the  initial  development 
of  a  dense  silver  image  in  one  area  of  the 
green-recording  layer  could  retard  devel 
opment  in  the  adjoining  red-  and  blue- 
recording  emulsions.  In  a  reversal  process 
this  would  result  in  more  cyan  and  yeUow 
dyes  being  formed  than  would  form  with 
out  the  interimage  effect.  The  cyan  and 
yellow  dye  images  would  thus  be  partially 

is  Hanson  and  Horton,  J.  Opt.  Soc.  Amer.  42, 
663    (1952). 
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FIG.  34.13.  A.  Original  transparency;  B.  Highlight  mask  prepared  from 
transparency;  C.  Correction  mask  made  directly  from  color  transparency; 
D.  Correction  mask  prepared  with  use  of  high-light  mask. 
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controlled  by  the  exposure  received  by  the 
green-recording  emulsion.  A  color  repro 
duction  adjustment  is  thus  made — greens 
reproduced  at  a  higher  saturation — which 
is  quite  similar  to  what  in  another  color 
process  would  be  obtained  by  the  use  of 
color  correction  masks. 

Interimage  effects  can  be  as  important 
as  other  characteristics  of  a  particular 
process  in  determining  the  obtainable  color 
reproduction.  Their  existence  in  a  color 
process  makes  it  possible  to  obtain  color 
reproductions  considerably  better  than 
would  be  assumed  to  be  possible  on  the 
basis  of  the  known  deficiencies  of  the  par 
ticular  colorants  used  in  that  process. 

Tone  Corrections.  Correct  tone  repro 
duction  is  often  at  least  as  important  in  a 
color  photograph  as  satisfactory  color  cor 
rection.  It  is  probably  more  important, 
for  example,  that  a  photograph  showing  a 
group  of  French  pastries  with  pastel  col 
ored,  glossy  frostings  have  the  correct 
highlight  tone  gradation  as  that  the  colors 
appear  reasonable.  Incorrect  gradation  in 
highlight  or  shadow  regions  of  a  reproduc 
tion,  excessive  contrast  as  a  result  of  a 
high-process  gamma  to  maintain  color  sat 
uration,  or  contrast  distortions  introduced 
in  printing  can  all  result  in  unsatisfactory 
tone  reproductions. 

To  change  tone  relations,  masks  are 
usually  used.  Often  the  same  mask  that 
is  employed  for  color  correction  can  be 
made  to  act  as  a  tone  corrective  mask. 

In  color  reproductions  made  from  direct 
separation  negatives  exposed  so  that  the 
tones  of  the  subject  are  recorded  on  the 
straight-line  portion  of  the  characteristic 
curves  of  the  negatives  (separate  or  multi 
layer  materials)  the  only  significant  tone 
distortions  are  those  contributed  by  the 
color  synthesis.  Ordinarily  these  distor- 

BATES  AND  GERHARDT,  Phot.  Eng.  4,  #4,  197         14  Speck,  J.  Phot.   Soc.   Amer.   11,   9    (1945). 
(1953) .  Gresham,  Phot.  J.  87A,  269   (1947). 


tions  are  not  large  enough  to  require  cor 
rection.  However,  when  a  color  picture  is 
reproduced  or  duplicated,  the  tone  relation 
distortions  may  become  very  apparent.  If, 
for  example,  a  photograph  is  made  with  a 
reversal  color  transparency  material  and  it 
is  then  copied  or  duplicated  by  a  similar 
photographic  color  process,  the  addition  of 
tone  distortions  at  two  successive  stages  is 
usually  most  apparent.  Subject  highlights 
reproduced  on  the  toe  portion  of  the  trans 
parency  reproduction  curve,  for  example, 
are  again  recorded  on  the  toe  portion  of 
the  characteristic  curve  of  the  copy  or 
duplicating  material.  The  result  is  very 
little  separation  of  tones  in  areas  repro 
ducing  the  highlights  of  the  original  sub 
ject. 

Highlight  masks  are  used  to  increase  the 
separation  of  tones  in  the  highlight  por 
tions  of  the  picture.14  The  most  common 
use  of  a  highlight  mask  is  with  a  color 
transparency  during  its  reproduction. 
Since  a  contrast-reducing  or  color-correc 
tion  mask  is  usually  applied  to  the  trans 
parency  (Fig.  34.13),  a  highlight  mask  is 
first  prepared  and  used  with  the  trans 
parency  when  the  contrast  or  color-correc 
tion  mask  or  masks  are  being  exposed. 
Additional  densities  are  thus  applied  to 
the  highlight  areas  of  the  transparency. 
This  prevents  the  contrast-reducing  mask 
from  lowering  the  contrast  in  these  high 
light  areas,  thus  effectively  straightening 
the  final  tone  reproduction  curve  for  these 
parts  of  the  subject.  Highlight  masks  for 
such  an  application  are  of  very  high  con 
trast  with  silver  densities  limited  to  those 
parts  of  the  subject  that  record  on  the  toe 
portion  of  the  transparency  reproduction 
curve. 

Highlight  masks  (negatives)  may  also 
be  used  advantageously  with  multilayer 
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color  negative  materials  when  they  are 
being  printed.  Since  subject  highlights 
can  readily  be  recorded  on  the  straight 
portion  of  the  color  negative  characteristic 
curves,  any  highlight  mask  adjustment  is 
designed  to  compensate  for  possible  low 
highlight  tone  gradation  in  the  material  on 
which  the  color  negative  is  to  be  printed. 
The  additional  densities  supplied  by  the 
mask  separate  the  highlight  tones  of  the 
subject  sufficiently  so  that  they  will  not 
appear  compressed  in  the  final  print. 

The  characteristic  curves  of  Kodak  Ek- 
tacolor  Internegative  Film  (Fig.  33.9) 
show  a  gradually  increasing  gamma  in  the 
regions  that  will  record  the  highlights  of 
the  subject  being  reproduced.  Since  this 
material  is  intended  for  preparing  color 
negatives  from  transparencies  or  for  the 
photography  of  charts  and  similar  copy, 


FIG.  34.14.     Typical  color  mixture  curves. 

highlight  tone  correction  is  generally  re 
quired  and  is  supplied  automatically. 

Holding  adequate  tone  separation  in  the 
shadow  portions  of  the  subject  is  not  ordi 
narily  as  important  as  it  is  in  highlight 
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FIG.  34.15A.    Color  gamut  obtainable  with  positive  amounts  of  the  indicated 
homogeneous  primaries  shown  inside  dashed  triangle.     (Hardy,  /.  Opt.  Soc. 

Amer.  27,  227  (1937).) 
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areas.  Where  good  shadow  gradation  must 
be  maintained  in  making  a  reproduction 
from  a  color  transparency,  the  color  or 
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FIG.  34.15B.  Functions  SM  Bff  and  Sp  rep 
resent  the  effective  spectral  sensitivities  of 
the  emulsions  used  in  making  separation  nega 
tives  to  control  the  homogeneous  primaries  of 
Fig.  34.15A.  (Hardy,  J.  Opt.  Soc.  Amer.  27, 
227  (1937).) 
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tone-correcting  mask  that  is  used  can  be 
slightly  underexposed  so  that  the  shadow 
portions  of  the  transparency  are  not  re 
corded  or  are  recorded  only  on  the  toe 
portion  of  the  characteristic  curve  of  the 
masking  material.  The  shadow  tones  will 
not  be  compressed  by  such  a  mask,  and 
in  the  final  reproduction  better  gradation 
will  be  obtained  in  shadow  areas.  Other 
tone  corrections  are  sometimes  required 
to  compensate  for  subsequent  reproduction 
characteristics.  Fog  or  flashing  exposures, 
or  the  use  of  the  appropriate  part  of  the 
characteristic  curve  of  the  photomaterial 
used,  often  make  it  possible  to  maintain 
optimum  tone  gradation  in  the  final  result, 
even  though  some  stage  in  the  process  in 
troduces  tone  distortions. 

Tone  corrections  can  be  introduced  elec 
tronically.  The  photographic  image  repro 
duced  on  the  face  of  a  cathode-ray  tube 
can  act  as  a  light  source  of  variable  bright 
ness  for  printing  a  color  transparency  or 
color  negative.  The  result  is  the  same  as 
that  obtained  from  the  use  of  a  silver  mask. 

Masks  for  tone  or  color  correction  are 
generally  made  slightly  unsharp  to  avoid 
registration  difficulties  and  the  resulting 
edge  effects.  The  diffusion  is  obtained  by 
the  use  of  a  sheet  of  diffusion  material  be 
tween  the  mask  film  and  its  original  at 
the  time  of  exposure.  Unsharp  masks  are 
also  obtained  by  separation  spacing  or  ro 
tation  of  original  and  mask  material  under 
a  suitable  light  source.  Unsharp  masks  do 
not  record  very  fine  detail  in  the  original 
from  which  they  are  prepared.  Such  fine 
detail  is  thus  not  lowered  in  contrast  the 
way  larger  areas  are  when  mask  and  orig 
inal  are  combined.  The  fine  detail  thus  re 
produces  at  a  relatively  higher  contrast 
and  image  sharpness  appears  enhanced.15 

is  Yule,  Phot.  J.  84,  321  (1944);  J.  Phot.  Soc. 
Am.  II,  123  (1945). 

NEALE  AND  REID,  J.  Phot.  Sci.  8,  85  (1960). 
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FIG.  34.15 C.     Color  gamut  obtainable  with  positive  amounts  of  nonhomogeneous 
primaries.     (Hardy,  /.  Opt.  Soc.  Amer.  27,  227  (1937).) 


Color-Correction  Procedures.  The  color 
and  tone  reproduction  capabilities  of  any 
photographic  color  system  are  dependent 
on  so  many  factors  that  it  is  not  surprising 
that  practical  recommendations  for  their 
use  do  not  always  appear  to  have  been 
derived  from  tricolor  theory  of  additive  or 
subtractive  color  photography.  Even  as 
suming  that  each  process  operates  at  its 
maximum  effectiveness,  there  are  a  number 
of  differences  that  will  affect  the  color  cor 
rection  procedures  to  be  used  commer 
cially.  Some  of  these  factors  are: 

1.  Colorant  Differences.  Although  sub- 
tractive  colorants  are  described  as  cyan, 
magenta,  and  yellow,  there  are  significant 
differences  in  the  spectral  characteristics 
of  colorants  used  in  different  synthesis 
systems.  These  differences  affect  the  par 
ticular  color  reproduction  characteristics 


of  a  process  and  differentiate  it  from  an 
other  process  using  different  colorants. 
These  colorant  differences  require  slightly 
different  color  correction  to  adjust  for 
their  deficiencies. 

When  reseparating  a  previous  color 
analysis  (multilayer  transparency  or  nega 
tive),  the  particular  dye  absorptions  also 
determine  the  best  separation  filters  for 
the  reanalysis. 

2.  Interimage    Effects.      In    multilayer 
processes,  the  presence  or  absence  of  inter- 
image  effects  can  determine  the  appearance 
of  a  transparency  or  the  reproduction  ob 
tained  from  a  negative.    The  color  correc 
tion  required  may  be  affected  as  much  by 
the  presence  of  interimage  effects  as  by 
the  deficiencies  of  the  colorants  involved. 

3.  Tone  Reproduction  Effects.    Since  the 
tone  reproduction'  characteristics  of  differ- 
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ent  processes  are  not  identical,  optimum 
results  from  different  processes  may  re 
quire  different  photographic  treatment. 

4.  Three-   or  Four-Color  Reproduction. 
The  intended  use  or  absence  of  a  black 
printer  in  photomechanical  processes  will 
determine  the  corrections  required. 

5.  Commercial  Considerations.    The  cost 
of  process  adjustments  limits  the  correc 
tions  applied,  as  does  the  maintenance  of 
good    photographic    quality.      These    and 
other  factors  necessitate  the  use  of  empiri 
cal  methods  in  working  out  the  best  prac 
tical    procedures    for    obtaining    optimum 
color  reproduction  and  tone  gradation  with 
any  particular  system.     Recommendations 
from  manufacturers  of  photographic  ma 
terials  are  based  on  known  characteristics 
and  assume  the  use  of  specific  products. 

Developments  in  Theory  of  Color  Re 
production.  The  foundation  on  which 
Maxwell  based  his  original  work  on  color 
reproduction  was  the  three-color  visual 
mechanism  proposed  by  Young.  The  ex 
perimental  visual  color  mixture  curves 
presented  by  Maxwell  and  other  workers 
were,  for  a  time,  thought  to  supply  the 
clue  as  to  the  proper  type  of  color  analysis 
and  synthesis  necessary  for  satisfactory 
color  reproduction.  The  mixture  curves 
were  obtained  from  experiments  on  the 
visual  matching  of  spectral  colors  by 
means  of  three  essentially  monochromatic 
primary  lights,  colored  red,  green,  and 
blue.  The  exact  colors  chosen  as  primaries 
were  not  of  vital  importance  because  most 
colors  could  be  matched  by  several  suit 
able  sets  of  primaries.  Maxwell  assumed 
that  the  photographic  emulsion  integrated, 
by  means  of  its  sensitivity  and  the  trans 
mission  of  the  filter  employed,  all  the 
energy  falling  on  it  so  that  its  color  record 
was  that  shown  by  the  positive  portion  of 
the  appropriate  color  mixture  curve.  This 
viewpoint  was  strongly  supported  by 


Ives 16  among  others,  but  was  soon  dis 
placed  by  a  purely  objective  view  of  color 
photography. 

The  subjective  viewpoint,  i.e.,  that  the 
observer's  visual  system  was  of  basic  im 
portance,  was  discarded  because  of  the 
belief  that  spectral  color  mixture  data 
were  not  applicable  to  color  photography. 
Serious  questions  were  raised  as  to  the 
exposure  summation  by  the  photographic 
emulsion  and  the  proposal  was  made  that, 
if  the  color  records  were  to  follow  the 
color  mixture  curves,  the  final  synthesis 
should  be  made  with  monochromatic  lights 
— a  situation  impractical  in  most  cases. 
To  be  visually  practical  as  to  brilliance,  the 
additive  synthesis  colors  would  have  to 
cover  the  spectrum,  each  color  being 
roughly  one  third  of  the  visible  region. 
When  such  colors  are  used  for  color  vision 
experiments,  the  mixture  curves  exhibit 
much  larger  negative  portions  than  those 
in  Fig.  34.14  which  were  obtained  from 
monochromatic  mixtures.  Since  the  prob 
lem  in  color  photography  is  to  reproduce 
natural  colors  of  wide  spectral  reflectances 
instead  of  spectral  colors,  it  was  considered 
advisable  to  base  color  reproduction  on  the 
practical  color  analysis  filters  which  would 
merely  determine  the  regions  where  the 
complementary  colors  were  to  print.  A 
set  of  wide  overlapping  color  curves  were 
presented  by  Bull  as  the  ideal  require 
ments  for  color  analysis  filters.17  This  ob 
jective  viewpoint  gained  wide  acceptance 
and  directed  most  color  work  until  1930. 
The  errors  that  were  apparent  in  color 
reproduction  18  were  readily  explained  as 
due  to  the  unsatisfactory  spectral  absorp 
tions  of  the  subtractive  printing  colors, 
and  improvements  in  this  direction  were 

ie  Ives,  J.  Franklin  Inst.  125,  345  (1888);  127, 
54  (1889). 

17  Bull,    Phot.    J.    51,    148     (1904);     52,    448 
(1905);    75,   71,   258    (1935). 
t  J.  63,  403    (1923). 
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FIG.  34.16.  Calculated  chromatieity  reproductions  of:  (a)  circled  points,  an 
additive  process  using  spectral  sensitivities  proportional  to  the  positive  portions 
of  the  color  mixture  curves;  (b)  crosses,  an  additive  process  in  which  masking 
is  used  to  introduce  first  approximations  to  the  effect  of  negative  spectral  sensi 
tivities.  (McAdam,  J.  Opt.  Soc.  Amer.  28,  339  (1938).) 


regarded  as  being  of  greater  importance 
than  further  attempts  at  perfecting  the 
analysis  filters. 

In  1935,  Spencer 19  carried  out  an  ex 
haustive  series  of  experiments  on  the  ef 
fect  of  various  types  of  analysis  color  fil 
ters  on  the  accuracy  of  subtractive  color 
reproduction,  and  observed  that  the  more 
closely  the  color  filters  corresponded  with 
the  " ideals "  demanded  by  the  objective 
theory,  the  less  satisfactory  the  reproduc 
tion  of  color.  Spencer  pointed  out  that  the 
commercial  filters  in  common  usage  (which 
were  designed  to  approximate  the  ideals 
as  closely  as  possible)  gave  better  repro 
duction  in  that  they  did  not  fulfill  the 
11  ideal7'  requirements.  Indeed,  the  com 
mercial  filters  were  somewhat  closer  to 
the  positive  portions  of  the  color  mixture 


curves.  At  about  the  same  time  an  inves 
tigation  by  van  Kreveld  20  established  the 
additivity  law  for  photographic  expo 
sures  21  as  demanded  by  the  original  con 
cept  of  Maxwell.  Such  discoveries,  along 
with  the  rapid  improvement  in  color  mate 
rials,  naturally  led  to  a  new  series  of  in 
vestigations  into  the  theoretical  basis  of 
color  photography. 

Theory  of  Additive  Three-Color  Pho 
tography.  The  theory  of  three-color  pho 
tography  has  recently  been  under  investi 
gation  by  a  number  of  workers,  among 
them  Schaef  er  and  Ackermann,  Neugebauer, 
Hardy  and  Wurzburg,  Harrison  and  Hor- 
ner,  MacAdam,  and  Yule.  These  investi- 


19  Spencer,  Phot.  J.  75,  377   (1935). 


20  van  Kreveld,  Z.  Wiss.  Phot.  32,  222  (1934). 

21  Webb,    J.    Opt.   Soc.   Amer.   26,    12    (1936). 
MacAdam,  J.  Soc.  Mot.  Pict.  and  Tel.  Eng.  56, 
487   (1951). 
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FIG.  34.17.     Calculated  chromaticity  reproductions  of  additive  process  in  which 

spectral  sensitivities  are  proportional  to  the  positive  portion  of  the  spectral 

sensitivity   curves.    Result   of   gamma   changes   from   1.0   to   1.5.     (McAdam, 

J.  Opt.  Soc.  Amer.  28,  399  (1938).) 


gations  emphasize  the  subjective  theory  of 
color  photography  in  that  they  are  based 
on  the  color-mixture  data  of  the  average 
human  observer. 

The  goal  of  color  reproduction  is  to  ob 
tain  a  visual  match  between  the  print 
and  the  original  subject.  This  does  not 
imply  that  the  spectrophotometric  energy 
distributions  will  be  the  same  but  merely 
that  the  visual  appearance  of  the  subject 
and  reproduction  will  be  identical.  The 
visual  identity  of  two  colors  occurs  when 
they  have  'proportional  tristimulus  values. 
Hardy  22  has  shown  that  the  effective  spec 
tral  sensitivities  (sensitivity  of  emulsions 
and  filter  transmissions)  of  the  analysis 


22  Hardy  and  Wurzburg,  J.  Opt.  Soc.  Amer.  27, 
227   (1937). 


system  are  directly  related  to  the  color 
mixture  curves  of  the  observer  and  the 
colors  to  be  used  in  the  synthesis.  This 
follows  from  Hardy's  equations. 


X     =     X,Sr     + 


+ 


Y  =  Y,Sr  +  YgSg  +  YbS>, 


Z    =  ZrSr    + 


+ 


where  X,  Y,  and  Z  are  the  distribution 
functions  of  the  standard  observer  adopted 
by  the  International  Commission  on  Il 
lumination,  Sr,  Sg,  Si>  are  the  effective  spec 
tral  sensitivities  of  the  emulsion  filter  com 
binations  employed,  and  Xr,  Yr,  Zr  are 
dependent  on  the  chromaticity  of  the  syn 
thesis  colors.  It  is  evident  from  these 
equations  that  the  choice  of  a  given  set 
of  additive  synthesis  colors  predetermines 
the  effective  spectral  sensitivities  to  be  em- 
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ployed  when  making  the  color  analysis. 
This  fact  is  evident  from  calculations  by 
Hardy  showing  the  analysis  characteristics 
required  for  different  synthesis  primaries. 
Figure  34.15  shows  the  effective  spectral 
sensitivity  functions  required  for  the 
widely  different  synthesis  primaries  shown 
in  their  respective  chromaticity  diagrams. 
For  additive  processes,  the  choice  of 
synthesis  colors  is  based23  on  (1)  the  wid 
est  possible  gamut  of  colors  that  can  be 
reproduced  (taking  into  account  the  colors 
that  are  apt  to  be  required),  (2)  the  colors 
that  will  lead  to  the  smallest  practical  neg 
ative  regions  for  the  analysis  spectral  sen 
sitivities,  and  (3)  the  necessity  in  some 
cases  (nonseparable  screen  plates,  for  ex 
ample)  of  using  the  same  colors  for  anal 
ysis  and  synthesis.  The  effective  spectral 
sensitivity  curves  shown  in  Fig.  34.15  are 
typical  of  those  generally  obtained  but  are 
not  of  fundamental  importance  except  for 
their  own  special  synthesis  colors.  Al 
though  the  negative  regions  of  such  curves 
vary  widely  with  the  synthesis  colors  em 
ployed,  the  positive  portions  of  the  curves 
are  always  quite  similar.  The  use  of  ef 
fective  spectral  sensitivities  proportional 
to  the  positive  portions  of  the  color  mix 
ture  curves 24  leads  to  quite  accurate  re 
production  as  shown  in  Fig.  34.16  (after 
MacAdam),  where  the  reproductions  of  the 
various  colors  have  been  displaced  toward 
the  center  of  the  chromaticity  diagram.  A 
slight  increase  in  the  reproduction  gamma 
leads  to  some  improvement  of  the  color 
accuracy,25  Fig.  34.17.  The  negative  por 
tions  of  the  spectral  sensitivity  curves 
should  be  taken  into  account  for  the  most 
accurate  color  reproduction.  Hardy  dis 
cussed  several  photographic  methods  that 
may  be  employed,  one  of  them  being  a 


1.0 


23  Harrison  and  Homer,  Phot.  J.  77,  706  (1937). 
Schaefer  and  Ackermann,  Z.  Phys.  8,  55  (1927). 

24  MacAdam,  J.  Opt.  Soc.  Amer.  28,  399  (1938). 

25  Wright,  Phot.  J.  80,  25   (1940). 
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FIG.  34.18.  Combination  of  negative  and  mask 
may  yield  an  effective  spectral  sensitivity 
identical  with  Sr  function  of  Fig.  34.17. 
(Hardy,  /.  Opt.  Soc.  Amer.  27,  227  (1937).) 

form  of  masking  similar  to  that  already 
discussed,  although  exposures  and  not  log 
exposures  (densities)  should  be  subtracted 
by  the  mask.22  In  Pig.  34.18  the  positive 
and  negative  portions  of  the  curve  may  be 
recorded  on  separate  emulsions  and  a  posi 
tive  mask  from  the  one  recording  the  nega 
tive  region  registered  in  contact  with  the 
standard  negative.  The  mask  will  subtract 
exposures.  Special  toe  recording  emul 
sions  are  necessary  to  allow  exposures 
rather  than  densities  to  be  subtracted. 
Other  photographic  and  electrical  means  of 
recording  the  negative  spectral  sensitivities 
have  been  discussed  elsewhere.26 

Application  to  Subtractive  Color  Pho 
tography.    An  extension  of  the  foregoing 

ft.  J.  Phot.  80,  125,  141,  155   (1940). 
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FIG.  34.19.    Relative  spectral  sensitivity  curves. 
(McAdam,  J.  Opt.  Soc.  Amer.  28,  466  (1938).) 


theory  to  subtractive  color  reproduction  is 
of  the  greatest  importance  because  of  the 
widespread  commercial  use  of  such  proc 
esses.  Subtractive  printing  colorants  offer 
special  problems  since  they  do  not  conform 
to  the  simple  laws  of  additive  color  mix 
ture.  With  a  given  cyan  dye,  for  example, 
two  deposits  printed  one  above  the  other 
will  not  necessarily  lead  to  a  density  equal 
to  the  sum  of  the  two  original  densities 
and,  furthermore,  the  dominant  wave 
length  may  shift  with  the  dye  concentra 
tion.  Subtractive  printing  colors  reacting 
in  this  manner  are  called  ''unstable73  be 
cause  their  spectral  characteristics  are  not 
constant.  Since  the  effective  spectral  sen- 


Requirements  for  Perfect  Color  Reproduction  in'  Subtractive  Processes  Where  the  Original  Contains  no  Colors  Beyond  the 
Gamut  of  the  Reproduction  Process  and  Materials 


CONDITION  I.  All  colors  whose  spectrophotometric  curves  can  be 
duplicated  by  mixtures  of  the  image  components  must  be  accurately 
reproduced  (in  other  words  the  process  must  be  capable  of  making  accurate 
duplicates  of  color  photographs  made  by  the  process). 


Gray  scale  must  be 
neutral  and  give  accu 
rate  tone  reproduction 


"Corrected"  color-separation  negatives  must 
each  be  a  record  of  one,  and  only  one,  of  the 
image  components  in  the  original. 


CONDITION  II.  All  visually  iden 
tical  colors,  whatever  their  spectral 
composition,  must  be  reproduced 
by  the  same  mixture  of  the  image, 
components. 

Requirement  F. 

Effective  spectral  sensitivities  must- 
be  linear  transformations  of -the 
color  mixture  curves. 
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FIG.  34.20.    Requirements  for  perfect  color  reproduction  in  subtractive  process 

where  the  original  contains  no  colors  beyond  the  gamut  of  the  reproduction 

process  and  materials.     (Yule,  J.  Opt.  Soc.  Amer.  28,  419   (1938).) 
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sitivities  to  be  employed  in  the  color  anal 
ysis  are  determined  by  the  printing  colors, 
the  indicated  sensitivities  vary  with 
changes  in  the  printing  color  conditions 
and,  therefore,  cannot  be  established  per 
manently.  MacAdam  27  formulated  an  ap 
proximate  law  for  subtractive  color  mix 
tures  which  made  it  possible  to  determine 
the  effective  spectral  sensitivities  necessary 
for  a  given  set  of  subtractive  colors.  In 
the  case  of  a  particular  set  of  acid  imbibi 
tion  dyes  the  negative  regions  of  the  effec 
tive  spectral  sensitivities  were  insignificant 
enough  to  be  ignored  (see  Fig.  34.19). 
This  is  not  always  so,  however,  and  appro 
priate  additional  masking  might  be  re 
quired  if  the  negative  sensitivities  are  any 
greater  than  in  this  particular  example. 

MacAdam  27  and  Yule,28  in  an  analysis 
of  the  factors  affecting  color  reproduction 
(Pig.  34.20),  showed  that  masking  was  es 
sential  in  subtractive  color  reproduction  to 
counteract  the  deficient  spectral  absorp 


tions  of  the  printing  colorants.  The  appli 
cation  of  the  sensitivities  shown  in  Fig. 
34.19  and  the  employment  of  three  masks 
on  the  separation  negatives  resulted  in  ex 
cellent  color  reproduction.  The  masks  for 
the  red  and  blue  separation  negatives  were 
obtained  from  the  green  separation  nega 
tive,  while  the  mask  for  the  green  record 
was  obtained  from  the  red  separation  neg 
ative. 

It  is  evident  that  photographic  color  cor 
rection,  or  masking,  discussed  earlier  in 
this  chapter  on  the  basis  of  its  empirical 
use,  really  serves  two  purposes,  both  of 
which  are  based  on  sound  theoretical  con 
siderations.  In  subtractive  color  reproduc 
tion,  masking  is  not  only  a  corrective  for 
the  nonideal  spectral  characteristics  of  the 
printing  colorants  but  it  enables  the  re 
production  to  be  based  on  imaginary  pri 
maries  whose  color  mixture  curves  do  not 
have  appreciable  negative  portions.29 


27  MaeAdam,  /.  Opt.  Soc.  Amer.  28,  466  (1938) ; 
39,   22    (1948).     Clarkson  and  Viekerstaff,   Phot. 
J.  88B,  26  (1948). 

28  Yule,  J.  Opt.  Soc.  Amer.  28,  419,  481  (1938). 


29  Miller,  J.  Opt.  Soc.  Amer.  31,  477  (1941). 

MARRIAGE,  Phot.  J.  88B,  75  (1948). 
BREWER,  HANSON,  AND  HORTON,  J.  Opt.  Soc. 
Amer.  39,   924   (1944). 
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esses,  470 
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subjective  effects,  474 
transparency  &  color  print 
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density  scale  of  a  paper,  271 
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Compensating,  348 

contrast,  347 
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chemical,  223 
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theory,  221 
time  of,  350 
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physical  properties,  173 
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temperature  effects,  176 
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Film  base,  bisphenol-A,  166 

casting,  167 

cellulose  diacetate,  163 

cellulose  nitrate,  162 
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reversal  print  films,  459 
Filters,  33 

care  of,  39 

color  selection,  318 

combinations  of,  39 

construction,  37 

factors  of,  37 

inefficiency  of,  35 

interference,  40 
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Fixing  baths,  250 
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Iron  printing  processes,  147,  354 

Kallitype  process,  355 
Kodachrome,  10 
Kodacolor,  10,  463 

Land  process  (see  Polaroid) 
Latent  image,  184 

development  centers,  186 

distribution  of,  191 

Gurney-Mott  theory,  188 

internal,  192 

Mitchell's  theory,  193 

pulsed    exposure,    studies    of, 
193 

sensitivity  specks,  186 

silver  speck  theory,  185 
Leica  camera,  119 
Lens,  aberrations,  51,  54 

apertures,  55 

coatings,  64 

field,  61 

flare    and   tone   reproduction, 
291 

focus  of,  58 


nodal  points,  49 

principal  points  of,  48 

reflection  in,  63 

simple,  47 

surface  power,  46 

testing,  84 

Lenticular  processes,  433 
Lenses,  achromatic,  67 

afocal  supplementary,  78 

anastigmatic,  67,  73 

aspheric,  78 

care  of,  85 

for  projection  printing,  83 

interchangeable  front,  73 

long  focus,  73 

meniscus,  65 

portrait,  82 

reflecting,  76 

symmetrical,  66,  67 

telephoto,  74 

testing,  '84 

Zoom,  79 
Light,  diffraction,  42 

dispersion,  44 

intensity  of,  13 

nature  of,  11 

rays,  43 

refraction,  43 

Snell's  law,  44 

wave  motion,  42 
Light  sensitive  systems,  146 
Light  sources,  arc,  18 

daylight,  15 

effect   on   color   reproduction, 
313 

electronic  flash,  22 

filters  for  control  of,  429 

flashlamps,  19 

fluorescent,  18 

for  sensitometry,  258 

for  color  analysis,  426 

tungsten,  17 
Light-value  scale,  97 
Lippmann  process,  411 

Meniscus  lenses,  66 
Meters,  color  temperature,  15 
exposure,   32,   133,   143,   144, 

145 

Metol,  232,  233 
Metrogon  lens,  71 
Mired,  14,  34 
Mirrors,  dichroic,  41 
Mirrotel  lens,  77 
Mitchell,  theory  of  latent  image, 

193 

Monobaths,  348 
Monochromatic  radiation,  12 
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Negative  emulsions,  154,  156 
Negative  materials,  340 

developers,  343 

drying,  352 

filmpacks,  342 

fixing,  351 

roll,  341 

safelights  for,  342 

sheet,  341 

35mm,  341 

washing,  351 

Objectives  (see  lenses) 
Objective  tone  reproduction,  289 
Oil  printing,  355 
Optical  glass,  46 
Orthochromatic  reproduction  of 

color,  314 
Ozobrome  printing,  356 

Palladiotype  process,  355 
Paper,  developing,  359 

printing  out,  354 
Paper  base,  177 

dimensional  stability,  178 
Paraminophenol,  232,  233 
Paraphenylenediamine,  233 
Pentac  lens,  70 
Perspective,  61 
Petzval  lens,  82 
Phenidone,  232,  234 
Photoconductance,  184 
Photoconductive  cells,  143 
Photoelectric  cells,  133 
Photoelectric     effect,     in     silver 

halide,  183 
internal,  184 

Photoelectric  meters,  133,  143 
angle,  134 
calibration,  138 
cells,  133 
components,  133 
instrumentation,  135 
relation  '  of    illuminance    and 

Luminance  readings,  137 
use  of,  141 

Photogenic  printing,  3 
Photography,  beginnings,  1 
Photographic  film,  backings,  172 
cutting  &  packing,  172 
physical  properties,  173 
deformation,  174 
dimensional  stability,  175 
mechanical  properties,  174 
moisture  relationships,  173 
temperature  effects,  176 
special  coatings,  171 
Photographic    image,    acutance. 

333 
adjacency  effects,  338 


definition,  337 
graininess,  326 
granularity,  325 
halation,  323 
resolving  power,  334 
sine  wave  response,  331 
spread  function,  329 
structure  of  323 
Photolysis,  183 
Photosensitive  glass,  147 
Photothermographic      processes, 

148 

Phototropic  compounds,  146 
Pinhole  images,  56 
Planar  lens,  71 
Platinotype  process,  4,  355 
Polarizing  filters,  40 
Polaroid,  camera,  374 
materials,  374,  378,  386 
process,  374,  378,  382 
Polyethylene  film  bases,  165 
Polyester  film  bases,  164 
Polymers,  photosensitive,  152 
Polystyrene  film  bases,  165 
Polyvinyl  film  bases,  164 
Portrait  lenses,  82 
Press  cameras,  121 
Printing-out    processes,    carbon, 

356 

chromate,  355 
diazo,  357 

gum  bichromate,  356 
imbibition,  357 
iron,  354 
silver,  159,  354 
Printing    processes,    developing 

papers,  359 
printing  out,  354 
subtractive7for  color,  437 
Process  lenses,  83 
Projection  printing,  lenses  for, 

83 

Promicrol  developer,  234 
Protar  lens,  68 
Protessar  lens,  74 
Purkinje  phenomenon,  310 
Pyro,  231,  233 
Pyrocatechin,  231,  234 

Radiation,    electromagnetic   the 
ory,  11 

discontinuity  of,  13 
Radiation  sensitive  systems,  146 

ehromate,  147 

diazo,  149 

dye,  150 

endothermic  compounds,  151 

glass,  147 

iron,  147 

photosensitive  polymers,  152 


photothermographic,  148 
phototropic  compounds,  146 
silver,  146 
Rangefinders,  117 
Rangefinder  Cameras,  118 
Rapid  rectlinear  lens,  67 
Raptar  lenses},  68,  71 
Reciprocity  effect,  219 

on  reversal  color  films,  455 
Reduction,  254 

of  prints,  364 

Reduction  potential  of  develop 
ers,  236 

Reflectar  lens,  77 
Reflex  cameras,  122 
Relative  aperture  of  a  lens,  57 
variation    with    magnification, 

58 
Replenishment     of     developers, 

238 

Reproduction  of  color,  308 
orthochromatic     reproduction, 

319 

subjective  factors,  320 
Reproduction     of    tone.       (See 

Tone  Reproduction) 
Resolving     power     of     photo 
graphic  image,  334 
Retrofocus  lens,  76 
Rokkor  lens,  72,  75 
Roll  film,  history,  7 
Royal  Photographic  Society,  5 

Sabattier  effect,  218 
Safelights    for    negative    mate 
rials,  342 

for  developing  papers,  361 
Scheiner  speeds,  267 
Schmidt  systems,  76 
Screen  plates,  10,  432 
Selectivity  of  developers,  236 
Sensitivity,    negative    materials, 
267 

color  materials,  272,  276 

papers,  271 
Sensitometry,  258 

color  materials,  276,  278 

density,  263,  279 

developers    and    development, 
261 

interpretation,  286 

light  sources  for,  258,  276 

of  papers,  270 

sensitivity,  267 

sensitometers,  259 

spectral  sensitivity,  272 
Sensitometers,  260 

monochromatic,  272 
Septon  lens,  72 
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Shutters 
focal  plane,  102 
comparison  with  lens  shut 
ters,  108 
efficiency,  105 
factors   affecting   exposure, 

103 

representative  types,  111 
synchronization,  108 
testing,  107 
total  vs.  local  exposure  time, 

102 

lens,  86 

blade  movement,  86 
energy  controls,  88 
efficiency,  93 
exposure  errors,  94 
light-value  scale,  97 
press-focus  adjustment,  91 
representative  types,  109 
retarding  mechanisms,  89 
speeds,  and  exposure  time, 

92,99 

synchronization,  91,  100 
testing  speeds,  99 
time  and  bulb  exposures,  91 
Silver  halide  grain,  180 
development  centers,  186 
quantum  mechanics  of,  182 
reactions  of,  183 
sensitivity  speaks,  186 
structure,  180 
Silver  Processes,  146,  354 
Sine-wave  response,  331 
Sodium   thiosulfate,   tests   for, 

253 

Solarization,  217 
Sonnar  lens,  70 

Spectral  sensitivity,  of  eye,  310 
of  photographic  materials,  312 
Spectral  sensitization,  205 
absorption  spectra,  210 
adsorption  of  dyes  in,  207 
concentration  of  dye,  209 
effect  on  sensitometric  char^c- 

teristics,  205 

effect  of  temperature  on,  21(5 
factors  influencing,  207  ; 
hypersensitization,  207 


mechanism  of  sensitizing,  212 

sensitizing  efficiency,  212 
Spherical  aberration,  51 
Spread  function,  329 
Stand  cameras,  127 

optical  problems  of,  128 
Stefan-Boltzmann  Law,  13 
Stereo  cameras,  131 
Sub-miniature  cameras,  125 
Subjective  aspects  of  tone  re 
production,  304 

Subtractive   printing  processes, 
437 

carbro,  443 

dye  bleaching,  446 

dye  coupling,  445 

dye  destruction,  445 

dye  transfer  process,  439 

dye  toning,  438 

etching  processes,  444 

metallic  toning,  437 

relief  processes,  438 

tanning  development,  439 

wash-off  relief,  442 
Sulfite,  as  preservative  in   de 
velopers,  234 
Summarit  lens,  72 
Summicron  lens,  72 
Super  Angulon  lens,  73 
Supplementary  lenses,  afocal,  78 
Switar  lens,  72 
Symmar  lens,  69 
Symmetrical  lenses,  66 
Synchronization  of  flash  lamps, 

21 
Synthetic  resin  film  bases,  164 

bisphenol-A      polycarbonate, 
166 

polyethylene       terephthalate, 
165 

polystyrene,  165 

polyvinyl  chloride  acetate,  164 

Tanning  developers,  237 
Telephoto  lenses,  74 

inverted,  76 
Tele-Quinon  lens,  75 
Teletessar  lens,  75 
Telyt  lens,  75 
Tessar  lens,  70 


Tone  reproduction,  289 
basic  relationships,  290 
graphical  construction  of  re 
production  curve,  300 
objective   tone    reproduction, 

289 

photometric  terms,  289 
subjective  tone  reproduction, 

304 

tone  ^production  curve,  291 
Toning  developing  papers,  365 

gold,  366 

miscellaneous  processes,  366 

selenium,  366 

sulfur  toning,  365 
Topagon  lens,  71 
Topcor  telephoto  lens,  75 
Tungsten  lamps,  17 
Twin  lens  camera,  124 

Variable  contrast  papers,  360 
Viewfinders,  115 

Washing,  252 

negative  materials,  351 

papers,  363 

Wedge  spectrograph,  273 
Weins  law,  13 

Wetting   agents   in   developers, 
236 

Xenotar  lens,  73 
Xerography,  392 

applications,  406 

charging,  396 

continuous  tone,  development, 
403 

development   an4   developers, 
40Q 

exposure,  398 

fixing,  405 

history,  392 

machines  and  equipment,  405 

outliije  of  proces$,  392 

platefs,  394 

resolution,  405 

transfer,  404 

Zoom  lenses,  81 
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